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Abstract
Lean Manufacturing is widely accepted as a proven method to achieve operational excellence.
Many manufacturers undertake lean manufacturing implementations as a strategy to improve
competitiveness and realise business objectives. However, despite the wealth of literature on the
success of lean manufacturing, it should not be viewed as a panacea for every business situation.
A key challenge is to estimate the true benefits that a lean implementation is likely to provide, and
compare them to the requirements of the business. This thesis provides a framework for such an
analysis in the context of the Detroit Forge facility of American Axle & Manufacturing, Inc
(AAM).
AAM has been facing some significant challenges in the recent past, including skyrocketing steel
prices, the prospect of declining sales and contractually fixed labour costs. AAM has launched a
corporate wide lean manufacturing initiative to eliminate waste from its plants, and to make them
more competitive. The actual improvement achievable at each plant will vary depending upon the
current state of the plant, the nature of the operations and type of equipment used. If the expected
improvements do not satisfy the business requirements, options beyond the realm of pure
operations must be considered, and are referred to as strategic alternatives.
The analysis begins by characterising the current state and developing a vision of the future state
using the tool of value stream mapping. We develop a model that predicts necessary supermarket
buffers, changeovers and working hours as well as the associated costs, based upon fundamental
process and plant parameters. The model is applied to the current and future states to predict the
financial improvements that could be achieved by the lean initiative, based on the current cost
structure of the operation. Finally we propose a framework for developing and analysing possible
strategic alternatives to achieve the business goals. A wide range of alternatives was considered,
including technology development, labour agreement renegotiation, outsourcing and optimisation
of plant loading. This project resulted in the implementation of a pull scheduling system in axle
shaft manufacturing, as well as input to the revitalisation efforts at Detroit Forge.
Thesis Advisor: Stephen C. Graves
Title: Abraham J. Siegel Professor of Management and Professor of Engineering Systems
Thesis Advisor: Daniel E. Whitney
Title: Senior Research Scientist, CTPID and Senior Lecturer in Engineering Systems
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1. Introduction
American Axle & Manufacturing, Inc. (AAM) is a tier-one automotive supplier that
specialises in the manufacture, engineering, validation and design of driveline systems,
chassis systems and forged products for trucks, buses, sport utility vehicles and passenger
cars. AAM provides systems or components to the world's largest original equipment
manufacturers (OEM) as well as other tier-one and tier-two automotive suppliers [American
Axle & Manufacturing, 2006]. In order to meet its customers' needs, AAM is organised into
two product divisions: the Driveline Division and the Metal Formed Products Division. The
Driveline Division generates the majority of AAM's revenue through the manufacture of front
axles, rear axles, differentials, drive shafts, crankshafts, steering and suspension systems and
integrated modules and systems. The Metal Formed Products Division (MFPD) generates
revenue primarily through the forging and machining of automotive components such as axle
shafts, differential gear components, hypoid pinions and ring gears, transmission shafts and
components, torque convertor lugs and wheel hubs and spindles [American Axle &
Manufacturing, 2006]. The challenging automotive supply market requires a constant focus
on continuous improvement and waste elimination.
The objective of this thesis is to adapt lean manufacturing techniques to a high volume
forging environment. We develop a formal approach that enables the practitioner to design
and implement a lean pull-scheduling system in a systematic manner. Value stream mapping
is used to characterise the current state of the system as well as to create a vision for the future
state. The batch mode forging operation requires a supermarket buffer to enable pull
scheduling; therefore we develop a supermarket calculator, which also aids in estimation of
the savings through the implementation and improvement of the pull system. Aggressive
targets are chosen for the future state operating parameters and a best case scenario is
calculated for the benefits of the lean implementation. Finally, we discuss a framework to
develop and analyse alternatives in the event that the lean transformation is inadequate to
meet business objectives.
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While this thesis is based upon a six month internship at AAM Detroit Forge, the principles
developed and presented are applicable to a wide range of manufacturing companies. This
point will be re-emphasized several times in the course of this thesis.
1.1 Thesis Motivation
The MFPD has been facing a number of challenges in the past few years, primarily rapidly
increasing steel prices, increasing labour costs that are determined by contract and declining
sales due to reduction in market share of the largest customers of AAM, the domestic OEMs.
In some cases, the OEMs have chosen to in-source some of the components supplied by
AAM, causing a further reduction in volume. In one particular case AAM has alleged that an
early contract cancellation by Visteon could result in the layoff of up to 300 workers
[American Metal Market, April 8, 2002]. On the supply side, steel is the largest component of
cost in MFPD products, and its price has risen by more than 50% since January 2004
[American Metal Market, April 8, 2004]. These difficult business conditions characterised by
increasing costs and decreasing revenues have placed a significant strain on MFPD
operations. The top management of MFPD decided to launch a lean manufacturing initiative
to improve the competitiveness of the various operations in the division, and appointed a lean
champion at each plant. This decision initiated the thesis project.
The goal of the project was to design and implement a lean pull-scheduling system for axle
shaft production at Detroit Forge. In addition, it was expected that the system would be easy
to scale to the other product lines at Detroit Forge as well as to other plants in MFPD. The
underlying idea was that, as both internal processes as well as separate plants were linked
together by a chain of pull signals, wasteful practices would be exposed and eliminated. There
was an additional expectation that the pull system would result in significant savings to
Detroit Forge, and make it much more competitive; however, this was by no means a
guaranteed outcome. Therefore, the author attempted to quantify the expected savings and
also provide a framework for further analysis of alternatives beyond lean manufacturing.
14
1.2 Thesis Overview
The analysis in this thesis utilises tools such as value stream mapping, basic inventory theory,
lean manufacturing methods, spreadsheet based non-linear optimisation and cost structure
analysis. Value stream mapping was used to characterise the current state of the system, as
well as the desired future state. Basic inventory theory provided a framework for calculating
the necessary supermarkets, which were optimised using non-linear optimisation tools
available in popular spreadsheet programs. Lean manufacturing guidelines were followed in
every aspect of system design and implementation. The cost structure analysis provided a
simple framework to evaluate strategic alternatives and make informed decisions.
While the analysis methods are appropriate for all the value streams in Detroit Forge, in the
interest of time and to minimise disruption to the plant, the implementation covered only the
full float axle shaft production process. The project covered detailed system design and
implementation, as well as evaluation of benefits, which could be extrapolated to cover the
entire plant. The project overview is presented in Table 1.1.
Project Overview
Phase Objective Tools
1 Design the Pull Scheduling System 0 Value Stream Mapping
* Inventory Theory
0 Linear Programming
2 Implement the Pull Scheduling System * Lean Manufacturing Methods
* Congruence Map
3 Evaluate the Lean Manufacturing Benefits e Inventory Theory
* Lean Manufacturing Methods
4 Evaluate the Strategic Alternatives * Cost Structure Analysis
Table 1.1: Project Overview
The key lessons learned from this project were
* Value stream mapping is an invaluable visual method to understand the current reality and
develop a vision for the future.
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" Spreadsheet based optimisation tools can be effectively applied to determine optimal
inventory levels, regardless of the control method chosen.
" The design of a pull scheduling system is relatively easy compared to the challenges in
implementation.
" Minute details in design and implementation can make or break the entire project. It is
prudent to obtain feedback from a variety of sources and stakeholders to expose blind
spots.
* The benefits achievable from lean manufacturing implementation depend upon the current
state of the operations. Well managed operations are not likely to experience significant
improvements through a formal lean manufacturing program.
1.3 Thesis Outline
This thesis is organised into eight chapters:
" Chapter 1: An overview of the thesis including relevance, research and execution
approach and lessons learned.
" Chapter 2: The project setting including company background, organisation, industry
trends and challenges faced going forward.
* Chapter 3: Literature review covering lean manufacturing philosophy, material flow
techniques, organisational effectiveness models and motivation for looking beyond lean.
" Chapter 4: Design of the pull scheduling system including value stream mapping, plant
layout improvement, inventory optimisation model and visual production control tools.
* Chapter 5: Implementation of the pull scheduling system including lean team and metrics,
training and launch & audit.
* Chapter 6: Evaluation of the potential benefits of the pull system, both through inventory
reductions and through other operational improvements.
* Chapter 7: Evaluation of strategic alternatives through a targeted cost structure analysis.
* Chapter 8: Recommendations and conclusions, ideas for future work.
16
2. Company Background
This chapter provides a context for the project. First of all, we discuss the state of the
domestic automotive industry to provide an industry backdrop. The chapter then focuses on
American Axle & Manufacturing, Inc., and specifically on the Metal Formed Products
Division. Finally, we discuss the Detroit Forge plant in some detail, as it was the location for
the design and implementation of the pull scheduling system. The background and history of
AAM provide an insight into the strengths of the company, the challenges it faces and the
motivation for this project.
2.1 U.S. Automobile Industry
Over the past 10 years, the U.S. automobile industry has undergone profound change. The
domestic manufacturers have steadily lost market share to Japanese transplants represented by
Toyota, Nissan and Honda. There are several reasons hypothesised for the declining market
share of GM, Ford and DaimlerChrysler, collectively known as the Big Three, including
desirability and quality of their products and efficiency of their operations. The market
positioning concerns were clearly highlighted in the latter part of 2005, when the Big Three
companies threw open their employee pricing programs to the general public, accelerating
unit sales at the expense of revenue per unit. Table 2.1 shows the compounded annual growth
rate (CAGR) for the revenues and net earnings for the Big Three as well as Toyota and Honda
for the period from 1999 to 2003. It is revealing that the revenues of US companies such as
GM, Ford and Daimler-Chrysler grew at less than 1.5% per year, while those of Toyota and
Honda grew at more than 8% per year over this period. Even more startling is the fact that the
net earnings of the domestic automobile manufacturers have actually fallen over this period,
while those of their Japanese competitors have grown by over 10% per year [ReportSure
Industry Surveys, October 2004].
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Manufacturer General Ford Daimler- Toyota Honda
Motors Chrysler
CAGR Revenue % 1.25 0.55 (0.67) 8.13 8.91
(1999 - 2003)
CAGR Net Earnings (10.67) (48.86) (47.16) 24.61 16.78
% (1999 - 2003) 1
Table 2.1: Revenue and earnings growth for major automobile manufacturers
In addition to loss of market share, the Big Three are also challenged with a high cost
structure. There have been several reports in the media of the high cost of healthcare and
retirement benefits borne by these companies. Industry analysts indicate that the cost of
retiree healthcare costs GM an additional $1500 per vehicle sold [White, WSJ Oct 17, 2005]
compared to its Japanese competitors. Another key statistic shows that the domestic
automobile manufacturers currently support more retirees than active employees. It can be
argued that this trend represents a major shift in the industry, as is evidenced by the
substantial reduction in workforce and plant closures recently announced by GM and Ford. It
appears that these companies are currently trapped in a vicious cycle of decreasing revenue
and increasing cost. The Chapter 11 bankruptcy protection filing by the U.S. operations of
Delphi, one of the worlds largest automotive components suppliers is an exclamation point on
the challenges facing the domestic automobile industry in the U.S.
2.2 Company Background
American Axle & Manufacturing, Inc. (AAM) was founded in 1994 by Richard E. Dauch,
who also serves as CEO and Chairman of the Board, and his partners through an asset buyout
from GM. AAM's vision is: "To achieve profitable growth as the premier global supplier of
driveline systems, chassis systems, forged products and services while providing our
customers with competitive advantages" [American Axle & Manufacturing, Inc., 2006]. The
company initially consisted of five plants - Detroit Forge, Tonawanda Forge, Detroit Gear &
Axle, Three Rivers, and Buffalo Gear & Axle. Subsequently, the company has grown
domestically and internationally through investment and acquisition, and now has a presence
18
in North and South America, Europe and Asia. AAM went public on January 29, 1999 and its
stock is traded on the New York Stock Exchange under the ticker AXL. Selected financial
information for AAM is presented in Figure 2.1.
AAM Revenue, Gross Profit & Net Income ($ million)
600 4000
3500
500
3000
S400
E 2500
S
z Gross Profit
300 2000 
MONet Income
W-- Revenue
0 1500
0 200
1000
100 500
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Year
Figure 2. 1: Selected financial data for AAM
In a presentation to investors on January 12, 2006 [American Axle & Manufacturing, Inc.,
2006], Mr. Dauch stated that the core competencies of AAM are:
1. Engineering
2. Forging
3. Machining
4. Welding
5. Heat Treating
6. Assembly
7. Product Validation
The forging operations of the company together comprise the Metal Formed Products
Division (MFPD).
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2.3 Metal Formed Products Division
MFPD consists of the following plants located in North America: Cheektowaga
Manufacturing (Cheektowaga, NY), Colfor Manufacturing (Malvern, Minerva and Salem,
OH), Detroit Forge (Detroit, NY), Guanajuato Forge (Guanajuato, Mexico), MSP Industries
(Oxford, MI) and Tonawanda Forge (Tonawanda, NY). These plants employ over 3000
hourly associates, most of whom are represented by either the United Auto Workers (UAW)
or the International Association of Machinists (IAM).
The MFPD plants collectively make components that fall into four major product categories
as shown in Figure 2.2. MFPD supplies forged components to the AAM Driveline Division,
as well as to OEMs, and Tier One and Tier Two suppliers.
20
Transmission/Transfer Case
Axle and Driveline
Chassis
Wheel.Hub and Spidles
Figure 2.2: MFPD product portfolio
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Special Bar Quality (SBQ) steel is the primary raw material for the division, which is the
world's largest consumer of this material. In fact, if the MFPD were a stand alone company, it
would rank among the largest forging suppliers in the world. The steel is supplied from
domestic and international sources, and the division has very favourable pricing agreements
with its suppliers relative to its competitors. The forging process uses material very
efficiently, and the cost of a forged product is largely driven by product weight, rather than
product geometry.
The market for forgings has been very turbulent in the past few years. Several competitors of
MFPD are in a financially precarious position, and some have gone bankrupt. The primary
drivers for this trend are reduced demand leading to pricing pressures, and the inherent high
fixed cost of the forges, which depend upon large volumes for economic justification. While
MFPD is certainly not immune to these trends, it has weathered the storm due to its
relationship with AAM and future booked business from GM. The revenue and gross margin
for MFPD are company confidential. The annual revenue for the division more than doubled
between 1994 and 1999, following which it dropped slightly, and levelled off in 2001. As
expected, the gross margin followed a similar trend, with one notable exception - it dropped
significantly in 2004, indicating a high cost of goods sold. This trend accelerated the focus on
lean manufacturing initiatives, which essentially comprise a low cost strategy.
The troubled forging industry represents both an opportunity and a threat for MFPD. As
competitors weaken, it creates the opportunity for cost effective expansion through
acquisitions. On the other hand, as competitors seek Chapter 11 bankruptcy protection, they
typically emerge with more favourable cost structures and labour agreements.
2.4 Detroit Forge
The Detroit Forge facility located in the Detroit area town of Hamtramck was one of the
plants included in the asset buyout from GM when AAM was formed. The primary products
of Detroit Forge are axle shafts, stabiliser bars, output shafts and inner output shafts. The axle
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shafts are divided into two major categories - semi float axle shafts, which account for the
majority of the volume, and full float axle shafts, also known as truck shafts.
2.4.1 Business Trends
The current revenue at Detroit Forge is over $100 million, but the actual figures are company
confidential. The revenue trends are significantly correlated to GM's sport utility vehicle and
light truck sales. There was a substantial drop in revenue a few years ago when the plant
stopped making an entire product line due to in-sourcing by the customer. The revenue grew
from the formation of AAM in 1994 to a peak in 2000 and then dropped down almost to 1994
levels over the next four years. The revenue reduction can be attributed to the overall business
conditions, the loss of the product line, and internal competition between MFPD plants for
new business. The gross margin, however, has steadily reduced from 1994 to 2004, which is a
very disturbing trend for MFPD. Since Detroit Forge is one of the largest plants in the
division, its performance has a disproportionate impact on the overall financials of MFPD.
These issues pointed towards the need for a method to better manage the processes and costs
at Detroit Forge.
2.4.2 Cost Drivers
Raw material, chiefly steel, is the primary cost driver in the forged products. Other cost
factors include labour and benefits, depreciation, utilities and the overall effectiveness of
operations. The labour costs are relatively fixed, as terms of employment are determined by
negotiations with the unions. Depreciation is driven by continued investment as well as
equipment rebuilds. Forging is a destructive operation for the machines, which need to be
rebuilt periodically. Rebuilding a large forging press is very labour intensive and expensive,
without even factoring in the opportunity costs of an idle machine for an extended period of
time. The plant has high utility costs because of the energy needed to heat the metal for hot
forging as well as the power consumption of high tonnage equipment. Finally operations are a
cost driver in terms of inventory, scrap, equipment utilisation and overall plant productivity.
These cost drivers will be discussed in detail in Chapter 7.
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2.4.3 Workforce
Detroit Forge employs over 500 associates. The majority of these are hourly employees, both
direct and indirect. The hourly associates in most parts of the plant are represented by the
United Auto Workers (UAW), while those assigned to the Die Room are represented by the
International Association of Machinists (IAM). Each of the local unions in the plant is led by
an elected Chairman and President. The plant management structure is along traditional
functional lines such as manufacturing, materials, maintenance, quality and finance. The
department managers report to the plant manager.
The relationship between the union and management is cordial, but not necessary warm. The
average tenure of a plant manager is about one year, which has hindered the development of a
long term, trusting relationship between the union leaders and the plant managers. The union
and management perspectives regarding the performance of the plant and the required actions
vary substantially, and there is definitely some finger pointing between the groups. The
overall basis of the relationship is the collective bargaining agreement, which is negotiated
every four years. This introduces a measure of inflexibility in the relationship: management is
reluctant to relinquish control, and the union leadership is unwilling to concede any points
that might translate into a reduction in benefits for its membership. On the whole, though, the
relationship is quite typical of the automobile industry.
2.4.4 Technology and Processes
Detroit Forge is a high volume facility that produces fairly large forgings. The forging presses
are therefore large as well and very capital intensive. Most of the machines are high volume
production equipment dedicated to specific product lines, as shown in Table 2.2. Within an
individual product line, it is possible to run each product on multiple machines, which offers a
degree of flexibility in production scheduling.
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Product Line Main Equipment Secondary Equipment
Axle Shafts Horizontal Upsetters Saws / Shears
Extruders Shot Blasters
Stabiliser Bars Eye Formers
Hot Benders
Output Shafts Horizontal Upsetters Saws / Shears
Extruders Shot Blasters
Inner Output Shafts Green Machining Cell
Hard Machining Cell
Table 2.2: Product families and related equipment at Detroit Forge
An axle shaft is a forged product consisting of a flanged end or hub with a concentric shaft.
The raw material for axle shafts is SBQ steel bar, which is sawed or sheared to the desired
length. The flange is forged on the horizontal upsetter as a progressive forging, typically in
four strokes. The shaft is then cooled and shot blasted to remove surface scale. In the next
step, the shaft is extruded obtain the desired diameter in a multi step cold extrusion process,
which also aligns the metal grain structure, improving the strength and durability of the
product. Finally, the shaft is precisely cut to the required length and centre drilled if
necessary. The manufacturing process for the output shafts is identical to that for the axle
shafts.
The above process is typical for a semi-float axle shaft. A full float axle shaft is forged at both
ends, with a flange on the hub end and a raised area for machining splines on the pinion end.
Since both ends are upset forged, it is not possible to extrude the shaft. Instead, the raw
material is precisely cut to length and both ends are forged in a large upset forge. The shaft is
then cooled and shot blasted, after which it is ready to be shipped to the customer.
The stabiliser bars follow a very different manufacturing process. Depending upon the
application, the raw material is either a seamless tube or solid bar of SBQ steel, which are
usually pre-cut to length. For most parts, the eye forming process is the first step, where a
large press is used to form a ring on each end of the bar. The next step is hot bending, for
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which the bar is heated in a gas furnace and then bent on a hydraulic bender. Finally, the bar
is quenched, and then ready to be assembled or painted as necessary.
The 1/0 shafts are not forged at Detroit Forge. The raw forgings are purchased from a sister
facility (Colfor) and the shafts are machined at Detroit Forge. The machining takes place in
two steps, green and hard, with a heat treatment step in between.
The die changeover process for the forges is a complex and time consuming process. On the
other hand, the cycle time per part is only a few seconds. As a result, large volume batch
production is the norm. The manufacturing processes are inherently energy intensive as well.
The presses are of high tonnage machines which inherently have high energy consumption,
regardless of the part size. The heating of the raw material is energy intensive as well,
especially in the case of stabiliser bars, which are heated in gas furnaces.
The plant floor plan is a classic process village layout, with the equipment feeding processed
parts onto an overhead conveyer that connects the different machines. The speeds of the
machines and the conveyer are synchronised and control the rate of production in the plant.
The complexity of the forging presses and the deep foundations necessary for stability make it
very difficult to change the layout of the plant. In addition, even if the machines could be
relocated, there are significant start-up, troubleshooting and calibration costs associated with
commissioning them in their new locations. The high degree of integration in the production
flow also makes it difficult to change the plant layout.
2.5 Project Goals
Detroit Forge is a microcosm of the overall U.S. domestic automobile industry. Many of the
challenges facing the industry are manifested in a scaled down version at Detroit Forge. Since
Lean Manufacturing is the accepted state of the art in managing operations, it was considered
to be a good approach to improve the competitiveness of Detroit Forge through customer
focus and the elimination of waste. The project goals were therefore stated as:
0 Design a pull scheduling system consistent with lean manufacturing principles
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" Complete a pilot implementation in one product line at Detroit Forge
* Ensure sustainability of the system enabling expansion to other product lines and plants
An additional goal taken on by the author was to estimate the maximum potential benefits of
the lean manufacturing initiative and determine whether these would be sufficient to satisfy
the business goals set by management in response to market conditions.
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3. Literature Review
American Axle & Manufacturing, Inc. clearly views its commitment to lean methods such as
concurrent design, flexible manufacturing techniques and pull systems for just in time
delivery as one of its key advantages [American Axle & Manufacturing, Inc., 2006]. The
internship project was a natural extension of these principles into the forging environment of
batch production.
This chapter discusses some of the basic concepts of lean manufacturing. We re-examine the
seven forms of waste identified by lean thinking and how these might be impacted by pull
scheduling systems. We discuss methods and tools for designing and implementing a level
pull system, which formed the basis of the internship project at Detroit Forge. We also discuss
issues of change leadership and organisational design.
Finally, we introduce the idea that lean manufacturing is not a panacea for every business
situation, and cannot be expected to fix all the problems plaguing a company. One strategic
alternative, the idea of either relocating or outsourcing production to a low cost region of the
world is examined in the context of the hidden costs that are likely to arise.
3.1 Lean Manufacturing
The concepts of lean manufacturing are based on the Toyota Production System. Shingo
[1984] defines the mechanism of the production function as a network of processes and
operations. He further defines the process as the flow of materials to products, and operations
as the specific functions that are performed by the operator and equipment. The Toyota
Production System focuses both on the process by improving flow of material through the
plant, and the operation by eliminating waste at every step. These improvements are closely
linked, and it is not possible to achieve one without the other.
Womack et al. [1991] coined the term "Lean Production" in their benchmarking study of
American, European and German manufacturers. This groundbreaking study demonstrated
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that Japanese companies in general and Toyota in particular significantly outperformed their
American and European competitors in all aspects of vehicle design and production. The
advantage extended to Japanese transplants in the United States, which suggests that the
advantage was due to a management philosophy rather than a difference in the local
workforce. Womack et al. [1991] evaluated the factories, design process, supply chain,
customer interface and the overall management of the enterprise. They demonstrate through
anecdotal evidence that the significant performance gap is due to the careful management of
every process in accordance with the guiding principles of waste elimination.
Waste is characterised as any activity that is non value adding. According to Womack et al.
[2003], the seven forms of waste identified by Taiichi Ohno, the inventor of the Toyota
Production System are:
1. Overproduction - resulting in unwanted parts being manufactured
2. Waiting - which causes time to be lost
3. Unnecessary Transportation - creating a suboptimal material flow
4. Over Processing - due to poor process and tool design
5. Inventories - in excess of the bare minimum needed to satisfy customer demand
6. Unnecessary Movement - due to poor process ergonomics
7. Defective Parts - which must be scrapped or reworked taking up valuable time
Womack et al. [2003] suggest that creating and analysing a value stream map is the first step
towards uncovering waste in the process and identifying appropriate steps to eliminate it.
3.1.1 Lean Tools
The tools discussed in the literature on lean manufacturing tend to focus on management of
material and information flow, or the "process" as defined by Shingo. The improvement of
specific operations is left to Kaizen burst events, which are unique to the operation, and are
not directly discussed. The logic for this choice appears to be the very high ratio of waiting
time compared to processing time, which suggests that the greatest benefits would be obtained
by maintaining uninterrupted flow through the plant.
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Rother et al. [2003] describe a process to create current and future state value stream maps. In
accordance with lean manufacturing principles, the pace of production is set by the customer
demand rate or takt time. The value stream map looks at processes, inventories and
scheduling policies and suggests methods to apply lean thinking to each of these to create a
future state map. As a result, the future-state value stream map attempts to set up single piece
flow and pull scheduling methodology wherever possible, which primarily controls
overproduction and inventories. These principles provided the foundation for the design of the
pull scheduling system at Detroit Forge.
Rother et al. [2001] address the waste of waiting and unnecessary movement by suggesting
methods to improve flow through a manufacturing plant. The goal of continuous flow is
achieved through an explicit definition of the value added work to be performed, and then
designing the layout and material delivery systems accordingly. The principles are applicable
to cells as well as to the entire plant connecting all the way to the customer. While these ideas
are valuable, they were not directly applicable to the environment at Detroit Forge, where it
was not possible to make changes to the layout or the material handling system. Rother et al.
[2001] also discuss the principle of the pacemaker operation, which is responsible for
ensuring a level production rate at the takt time of the customer. The idea of using a buffer
inventory to absorb demand fluctuations was adapted to the batch production processes of
Detroit Forge.
Harris et al. [2003] develop a methodology to ensure a predictable flow of materials through
the plant. They present a framework for the Plan For Every Part (PFEP), which is based on
Toyota's method of bringing together all the relevant information regarding material flow.
The PFEP does not contain any information that a company would not typically have; rather,
it places all the information in one location so that any issues pertaining to material flow can
be evaluated rapidly. Since the pull system implementation at Detroit Forge focussed only on
internal pulls for one product line, the PFEP was of limited value. As the system is extended
to customers and expanded to include multiple product lines, the PFEP will be very useful to
make decisions on warehouse space, material handling equipment and packaging of products.
31
3.1.2 Level Pull Scheduling
Womack [Mar 31, 2004] acknowledges that even Toyota is not immune to minor demand
fluctuations and, as a result, its suppliers maintain a precisely calculated finished goods
buffer. These buffers permit level scheduling upstream, requiring very small inventories,
which result in a very low total inventory in the plant. The level production schedule is
controlled by "reflexive" information management, where each process signals its needs
directly to the next upstream process, eliminating the need for a "central brain" such as an
MRP system for shop floor control.
Smalley [2004] presents a step by step approach to designing and implementing a pull
scheduling system in a batch mode environment. His framework explicitly acknowledges the
reality of batch production and provides a method to optimise batch sizes and inventories.
This directly leads to the concepts of cycle stock, buffer stock and safety stock. The concept
of the pacemaker operation is developed in detail, with the stipulation that material should
flow rapidly in a First-In-First-Out (FIFO) mode from this operation downstream to finished
goods. This approach was very relevant to Detroit Forge, and provided a clear roadmap for
the project. The methods had to be adapted somewhat, as Smalley does not consider the issue
of highly variable setup times that depend on part families.
3.1.3 Quick Die Change
Shingo [1985] explicitly treats the issue of high changeover times, which has a direct impact
on the batch size of production. He develops techniques to reduce changeover time from
several hours to less than ten minutes by explicitly eliminating any elements of the
changeover that do not absolutely require the machine and performing these off line. The
activities that do need to be performed on the machine are streamlined and sped up through
the use of dedicated changeover teams and innovations such as quick release fasteners. This
explicit and detailed treatment of the operation of setup makes it possible to dramatically
reduce the production batch quantity, in essence facilitating single piece flow. The SMED
method demonstrates a clear link between the operations and processes as defined by Shingo.
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The application of SMED techniques to the changeovers at Detroit Forge is beyond the
immediate scope of this project. However, the future state value stream maps explicitly
assume that the quick die change initiatives already taking place in the plant will achieve
significant improvements. Since the design of the equipment at Detroit Forge is likely to limit
the gains that may be realised, we assumed that the changeover times in the future state would
be much higher than those theorised by the SMED system.
3.2 Leadership and Organisational Change
Change in organisations is rarely clean and well packaged, and a lean transformation is no
exception. Womack [Feb 3, 2005] suggests that, in a successful lean enterprise, everyone
must take responsibility for the value stream they participate in. While a kaikaku
(revolutionary change) campaign may be appropriate to trigger a lean transformation effort, it
is usually the easiest part. Ensuring that the desired behaviours are sustained and continually
improved is much harder and needs a value stream leader.
Klein [2004] makes the case that, while true change comes from within an organisation, it
often needs leaders who have been exposed to ideas, concepts and innovations that allow
them to take off the organisational blinders. A critical mass of these insider-outsiders, as she
refers to them, is necessary to overcome the natural resistance of the organisation if systemic
change is to take place. Klein also shows that the change must be in response to a pull, i.e. a
true organisational need that the current processes are unable to satisfy.
Nadler [1998] provides a framework called the Congruence Model that can be used to analyse
organisations for the concept of fit. The congruence model looks at the four dimensions of
work, people, formal organisation and informal organisation in the context of the firm's
strategy. It states that, for a successful change, all four aspects must fit with each other and
with the strategy of the company as a whole. There is a parallel between this approach and the
Three Lenses model of organisations taught at the Sloan School of Management.
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Through a combination of good fortune and careful management, all the factors necessary for
a successful change initiative came together for the pull scheduling system project at Detroit
Forge. The Executive Vice President of Worldwide Manufacturing had just formed a
corporate Lean Team, responsible for coordinating activities across all the plants. To address
the issue of the formal organisation, a lean champion was appointed at each plant, who
worked with the corporate Lean Team. It turned out that most lean champions were
essentially outsiders either to the specific plant, or to the entire company, so they were not
constrained by the standard organisational thinking. Finally, the crisis in the automobile
industry, a symptom of which is discussed in Section 3.3 provided the pull for change. The
pull scheduling project had direct impact on the work, and training was provided to create the
necessary competencies among the people. The informal organisation did not change; rather it
provided important leverage points to accelerate change and make it more sustainable.
3.3 Strategic Alternatives
A key goal of this project was to determine the relative value of lean manufacturing methods
compared to strategic alternatives. One motivation for this consideration was the Chapter 11
Bankruptcy Protection filing by Delphi, the world's largest automotive components supplier.
Womack [Oct 17, 2005] shows that, while Delphi was one of the leanest companies in the
world, it was not immune to other market forces that forced it to the brink. He makes the case
that simply fixing operations may not be adequate, especially if factor costs such as healthcare
and wages are too far out of line. An additional insight to be gained from the article is that
Delphi's woes were at least partly due to the fact that close to 50% of its sales was to one
customer - General Motors, whose most profitable products were in the large SUV and
pickup truck segments. When the demand for these products dropped due to high energy
prices and new offerings from Toyota and Honda, GM went into a cost cutting mode and
forced Delphi to reduce prices. As a result, Delphi's losses soared, forcing it into bankruptcy.
GM is also the largest customer for AAM, who would do well to learn from Delphi's situation
and diversify its customer base.
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It is evident that the domestic automobile industry in the United States is in a delicate
situation with several plant closings announced by GM and Ford. During a meeting with the
author on December 15, 2005, Richard E. Dauch, CEO, Co-Founder and Chairman of the
Board of AAM said that the industry was going through a structural change, the likes of
which had not been seen before. Some of the problems plaguing the industry are the result of
past decisions that, in hindsight, may have been poorly thought out. White [Oct 17, 2005]
points out that the healthcare cost for the 1.1 million GM workers, retirees and their
dependents contributes about $1500 to the cost of each vehicle produced. The fact that the
bonds of GM and Ford were downgraded to junk status in the fourth quarter of 2005 is further
indication that fundamental changes are needed in the industry. At the same time, the market
capitalisation of Toyota exceeds that of the Big Three combined [Economist.com, Jan 27,
2005], which is a testament to its perceived strength.
A typical response to high labour costs is to move or outsource operations to a low cost region
of the world. Womack [Jan 10, 2003] argues that simply evaluating the difference in piece
part cost is not enough, even if the cost of freight is explicitly considered. He suggests that
several other cost factors must be considered, including:
" Current overhead costs that may not go away
" Additional inventory, both in transit and buffers on the ground
" Cost of expedited shipments
" Cost of lost sales due to long lead times
" Warranty claims due to learning curve issues
" Quality issues detected at customer that impact all goods in transit
" Obsolescence or scrap costs for long lead time goods that are not needed anymore
* Visits by engineers as well as senior executives
" Possibility of creating a competitor
As such, the literature indicates that a lean transformation for Detroit Forge is perfectly
feasible and of value, but may not be the answer to all of its issues. When strategic
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alternatives are evaluated, the true cost will include both explicit and implicit components that
must be identified for a meaningful estimate.
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4. Design of the Lean Pull Scheduling System
The traditional approach to scheduling is the MRP system. However, the main function of
MRP is planning for materials and capacity by breaking down a demand forecast into
component items and the related requirements. MRP is a very effective tool to plan for
headcount allocation, subcontracting decisions and to communicate with suppliers for their
planning needs. However, MRP is not an effective production control methodology, as it is
unable to react in real time to the changing conditions on the production floor. The pull
scheduling system provides this control, as a visually managed system that provides real time
information at the point of use. In addition, the system is easily scalable across product lines
as well as adjustable to accommodate changes in plant performance. The design and
implementation of the pull scheduling system for Detroit Forge were based upon the
principles proposed by Smalley [2004]. The specific example of full float axle shafts is used
to illustrate the methodology.
4.1 Define System Requirements
The first step in designing a pull scheduling system is to determine the parameters within
which the system will function. These parameters include the types of parts that will be
scheduled by the system, the amount of demand variability that the system will absorb and the
level of protection provided against production problems. These decisions provide a
framework to design the overall system and also highlight factors that need to be improved for
the system to function effectively.
The products flowing through a plant can be divided into high volume runners, medium
volume rollers and low volume stragglers. The exact boundaries for these categories are
somewhat arbitrary; in general the demand for products in each category is an order of
magnitude higher than the next one. In a single piece flow environment, it may be possible to
schedule all three categories by a pull system, provided raw material lead times are not very
high. In a batch processing environment, however, it makes sense to manage the high and
medium volume parts through the pull scheduling system and treat the low volume products
37
as exceptions. If low volume products were also managed through the pull system, the
associated inventory levels would be unreasonably high, negating the benefits of lean
manufacturing.
We can divide the full float axle shafts into two distinct categories:
1. Production parts, which are used in axles that were required for vehicles regularly
scheduled for production. These parts are characterised by relatively level demand in
medium to high volumes.
2. Service parts, which are intended as replacement parts over the supported life of the
vehicle. The demand for these parts is sporadic with high spikes and long lulls.
The pull system was designed to accommodate the production full float axles, comprised of
eight part numbers.
Demand variability is an important factor in defining the pull system. In this context,
variability refers to random fluctuations in demand and not to periodic trends, which can be
managed by corresponding adjustments to the inventory levels. Highly variable demand
drives up the buffer inventory, which, unlike cycle inventory, does not generate any
throughput. It simply exists to protect the plant from a sudden demand spike. If a high order
fulfilment rate is required in an environment of unstable demand, the corresponding buffer
inventory is likely to be extremely high. In such situations, the root cause of the variability
should be investigated and addressed if possible, before committing large levels of inventory
as a buffer. As will be discussed in the next section, the demand data for the production full
float axle shafts was quite level with no significant random spikes or periods of low demand.
Pull systems work best in stable production environments, with high machine availability and
first time quality. If the equipment is subject to frequent breakdowns, or quality problems
which are not rectified in real time, high levels of safety inventory will be necessary to avoid
shutting down a customer. Otherwise, the pull system will rapidly degenerate to a state where
interruptions are the norm, thereby defeating the purpose of the system. In such situations, it
is best to address the root cause of the production instabilities before implementing a pull
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scheduling system. The equipment uptime at Detroit Forge was quite low. However, in the
interest of time, we decided to go ahead with the design and implementation of the pull
system. The reasoning was that the establishment of a pull system would highlight the
problematic areas, provide a buffer that would minimise fire fighting and facilitate
improvements in uptime through a cohesive preventive maintenance program.
4.2 Characterise the Current State
The current state can be characterised based upon both external and internal factors. External
factors include customer demand and supplier performance, while internal factors include
production variables, product cost and product families.
4.2.1 Customer Demand
The key to any pull system is a clear characterisation of customer demand. In a pull
environment, all actions on the factory floor are driven by customer requirements, and not by
a manufacturing plan. Customer demand must be analysed by part number and characterised
in terms of the average demand and variability of the demand for a given duration. This
duration is based upon frequency of shipment to the customer. For example, if a factory sends
daily shipments of products to its customers, then the daily average demand and standard
deviation of daily demand are the key metrics. If the time window chosen is larger than the
shipment frequency, then the characterisation of the demand variability will be inaccurate,
resulting in errors in calculation of buffer inventory. In addition to average and variability,
periodic demand trends must also be identified. Trends may be frequent, such as higher than
average demand in the last week of every month, or infrequent, such as demand that varies
with the holiday seasons. We can identify these by obtaining demand data for a period long
enough to cover repeatable trends and then plotting this data on a chart. Any periodicity will
become apparent, and then can be considered in the design of the pull system. In general,
Detroit Forge shipped full float shafts to its customers daily, so all metrics were evaluated on
a per day basis. Representative demand trends for full float axle shafts are displayed in Figure
4.1 and the corresponding statistics are shown in Table 4.1.
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Figure 4.1: Full float axle shaft demand trends
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A123X 750 150 0.20
B234Y 800 175 0.22
C345Z 1350 225 0.17
D456P 350 100 0.29
E567Q 250 25 0.10
F678R 1450 200 0.14
G789S 300 75 0.25
H890T 350 100 0.29
Table 4.1: Full Float axle demand statistics
4.2.2 Production Process
The full float axle shaft is forged at both ends. One end is formed into a flange, on which the
wheel hub is attached during axle assembly. The other end is forged to increase the diameter
over a length of a few inches, where splines will be formed, which mate with the side gears in
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the differential gearbox. A picture of a full float shaft and the corresponding raw material is
shown in Figure 4.2.
Figure 4.2: Raw material and finished full float shaft
The manufacturing process for the full float axle shafts consists of a small number of steps.
The raw material is cut to length at a third party supplier, an operation that may be insourced
in the future if necessary. The cut stock is forged on a pair of horizontal upsetters to first form
the splined end and then the flanged end. The output of the first upsetter or the "A" side
directly feeds the second upsetter or the "B" side. Induction heaters are used to heat each end
of the cut stock to the appropriate temperature just before the material is loaded into the die.
The material handling for the induction heaters and the upsetters is completely automated.
Though there are two distinct forging operations, the machine is completely integrated into
one large unit termed the upsetter.
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After the forging operation, the shafts are air cooled, and then run through a shot blast process
to remove any heat scale that may have built up. At this point, the shafts are checked for
defects. Shafts that do not meet the quality specifications may be repaired or scrapped as
appropriate. The most common discrepancy is non conformance to the straightness tolerance,
and a shaft straightener is set up to address this issue. The conforming products are placed in
finished goods inventory and shipped based on pull signals from the customer.
4.2.3 Internal Parameters
The main internal parameters are based upon product and process. In the case of axle shafts, it
made sense to group individual part numbers within the product line into families. The
rationale for part families was based upon the changeover time at the batch processing
equipment, in this case the horizontal upsetter. A part family was defined as the part numbers
that could be manufactured on the same equipment with largely the same tooling. Therefore,
changeovers within a product family are quite straightforward, while those across different
families can be cumbersome. Statistics at Detroit Forge showed that a changeover across part
families could take up to eight times as long as those within a part family. The part families
for the full float shaft product line are shown in Table 4.2 in Section 4.4.2.
The product cost is another factor to consider as it plays an important part in determining the
planned inventory levels in the supermarkets. While it is unlikely that any of these parameters
will be changed through lean manufacturing, they have a direct bearing on the methods used.
Production parameters include cycle time and OEE, which combines efficiency, changeover
time, quality and unplanned downtime. While OEE is a convenient measurement for reporting
purposes, its components are important for designing the pull system inventory buffers. At
Detroit Forge, statistics on efficiency and first time quality were measured carefully; however,
changeover time and unplanned downtime were combined into an aggregate downtime
measurement, implying that the machine was not producing parts during this period. From a
lean manufacturing viewpoint, this is an error, as changeover time is a controllable factor,
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while unplanned downtime is essentially random. In fact, lean manufacturing promotes
reducing the individual changeover time through quick die change techniques, while reducing
batch size and increasing the number of changeovers to achieve flexibility. Unplanned
downtime, on the other hand is always considered waste, and must be eliminated.
4.3 Value Steam Maps
A pull scheduling system creates tight links between all the individual processes needed to
manufacture the product. As a result, it is necessary to analyse the entire value stream while
designing the system. The value stream map (VSM) is an effective tool to display the current
state of the production system, as well as to determine the desired future state.
4.3.1 Current State VSM
The current state value stream map for the full float axle shafts was generated by beginning at
the customer demand for a given product family and working back along the production
process all the way to the raw material supplier. Each process was identified, along with the
pertinent parameters such as cycle time, changeover time and number of operators. Similarly,
inventory holding points were identified along with the actual amount of inventory stored, and
the throughput times through these locations. Since the inventory quantities are very dynamic,
a number of snapshots were taken over a one year period, and the average values were used at
each holding point. Finally the scheduling policy for each process was identified, which might
be MRP, pull or manual scheduling (known as "Go-See" in lean parlance). The total
throughput time is driven by the number of parts in inventory, while the value added time is
determined by the total cycle time along the process. As discussed in Section 4.2.2, The full
float axle shaft manufacturing process consists of the following operations:
1. Upsetter (A side): Forge the splined end of the shaft
2. Upsetter (B side): Forge the flanged end of the shaft.
3. Shot Blast: Remove heat scale, surface impurities and improve stress properties
4. Straighten: A rework operation to bring the shaft total indicated run-out back within
tolerance. About 10% of the shafts go through this operation.
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The two upsetter operations are shown separately on the value stream map. In reality, though,
the equipment is integrated and both upsetters are completely synchronised. For all practical
purposes, these upsetters run as if they were a single machine and this thesis treats them as
such.
The current state full float axle shaft value stream map is shown in Figure 4.3. As a reference
point, literature indicates that, for well run operations, the value added time is typically of the
order of a few minutes, while the throughput time is in the range of several days.
The value stream map shows both the information flow and the material flow. The Production
Control function is the hub for information flow in the current process. The planning horizon
is 16 weeks, with a 4 week committed order from the customers. The supplier is provided
with a 16 week forecast and orders are placed on a biweekly basis. Every process is scheduled
by the central production control function, and there is no information flow between
processes. This permits the processes to run at different rates that are not necessarily
synchronised with customer demand. It is apparent that the information flow must be
streamlined, with each process signalling the preceding one, to ensure that all operations run
at the same rate as needed by the customer.
There are significant inventories all over the value stream, which seem to have no strategic
purpose. The largest single inventory holding point is at the raw material stage at the material
sawing subcontractor. This inventory does not provide any value to the customer, and is pure
waste. Since it is not physically visible in the plant, it is likely that it will not be noticed by
management, and therefore will not be actively reduced or controlled. There is no reason that
the saw operation cannot be brought in house, which will both improve material management
and increase the value add for Detroit Forge.
In addition, there is large inventory between the upsetter and the shot blast process. Since shot
blast is a single piece flow process with zero setup time, there is absolutely no reason to hold
this inventory. The upsetter is the bottleneck of the value stream and the most expensive
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process. Therefore nothing should impede the flow of product downstream of the upsetter
until it reaches the finished goods inventory. These inventory management opportunities are
highlighted by the value stream map.
The changeover times for both upsetters are about four hours or half a shift. These times not
only are long, but are also highly variable, a characteristic that is not captured in the value
stream map. At world class forges, changeover times are only of the order of several minutes,
i.e. at least an order of magnitude lower than the times indicated in the full float forging
process. There is a great opportunity here to apply the SMED principles developed by Shingo
[1985] to reduce changeover times and thereby impact the entire value stream.
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4.3.2 Future State VSM
The first step in preparing the future state value stream map was to identify the operations
which were necessarily batch processes and those which could be operated in single piece
flow. The next step was to set up supermarket locations at the output of the batch processes so
that the flow operations could run smoothly, driven by the requirements of the downstream
processes. We identified a pacemaker operation that would isolate the downstream variability
in demand and permit level scheduling upstream. All processes downstream of the pacemaker
would run in single piece flow with no buffers, while processes upstream would be operated
to a level schedule either in batch or flow mode as appropriate. Finally, the appropriate
scheduling policy for each of the operations was determined. The future state value stream
map was not constrained by the current state of operations in the plant; however, areas where
improvement was necessary to achieve the future state were explicitly identified along with
the method to achieve the result, such as kaizen bursts or investment in equipment. To obtain
precise inventory target estimates, we used the supermarket calculator developed in Section
4.4 to determine the appropriate supermarket levels and related throughput time. The future
state value stream map developed for the full float axle shafts is shown in Figure 4.4.
Upset forging clearly is a batch process. On the other hand, it is quite simple to perform the
saw, shot blast and straightening operations in a single piece flow mode. Therefore, a cut
stock supermarket is necessary upstream of the upsetters to ensure that they are never starved.
From the upsetters, the product flows in a FIFO manner with very low inventory until it
reaches the finished goods supermarket that enables continuous shipments to the customer.
The cut stock supermarket is enabled by bringing the saw operation in-house. A raw material
supermarket is also needed, as the supply from the mills is in batches. The future state also
assumes faster response from the raw material suppliers, which may require renegotiation of
current procurement contracts.
We chose the upsetters as the pacemaker operation, as the production sequence needed to be
actively managed to avoid unnecessary changeovers, especially across part families. The
consumption of finished goods sends a batch signal back to the upsetters, which then produce
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the parts as needed, and replenish the depleted inventory. As the upsetters consume the cut
stock, the saw operation is triggered to replenish the stock consumed, and the signal then
travels upstream to the materials supplier. Therefore, all operations are synchronised to
customer demand as indicated by the consumption of finished goods inventory. We created a
relatively long FIFO lane just downstream of the upsetters to provide the shot blasters with a
day of work in the event of an unplanned and time consuming failure at the upsetters. We also
intentionally increased the cycle time at the upsetter and the shot blasters to permit the
operators to be more involved in quality checks and other process improvements.
In the future state VSM, we assumed that the changeover times at the upsetters would be
reduced by an order of magnitude compared to the current state. This target is not
unreasonable, as the Shingo's [1985] SMED system suggests that a reduction of almost two
orders of magnitude is feasible, albeit a stretch goal. Since Detroit Forge already had a Quick
Die Change initiative in progress that was following the SMED guidelines, we felt that the
proposed improvements were realistic and achievable. At this point, the minor and major
changeovers would essentially take the same amount of time, and the process would become
insensitive to the differences between part families.
The finished goods supermarket is the interface between the plant and the customer. This
supermarket is based upon the inventory optimiser developed in Section 4.4. It absorbs
fluctuations in customer demand, and enables level scheduling throughout the value stream.
In addition, the supermarket also absorbs the inherent fluctuations in supply from a batch
production process, and translates it into a smooth flow of product to the customer.
The future state map indicates that the total throughput time can be reduced by 50% to
approximately ten days, while increasing the value added time by about 20%.
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Supplier performance is less critical when implementing an internal pull system, but will be
an important factor for the future state. Therefore, it is prudent to evaluate suppliers based
upon responsiveness and quality, and foster good working relationships with the main players.
Any existing contracts also need to be reviewed for the flexibility to adapt according to the
needs of the new system.
4.4 Lean Supermarket Inventory Calculator
The goal of the supermarket calculator was to determine the desired inventory cycle, buffer
and safety stock to be held in the finished goods supermarket, as well as to recommend a
suitable replenishment method. It was necessary to accommodate multiple part families as
well as varying demand by part number. Since the forging operation is the bottleneck in the
value stream, the optimisation model parameters are based upon the operation of the upsetters.
4.4.1 Inventory Replenishment Policy
The two standard methods of inventory control and replenishment are:
1. Economic Order Quantity: In the EOQ approach, the reorder quantity as well as the
reorder point is fixed. When the quantity of parts in inventory reaches the reorder
point, production is triggered to make a standard batch, which replenishes the
inventory.
2. Fixed Reorder Period: In this approach, a target order-up-to inventory level is
determined and the time duration between successive reorders is fixed. The reorder
quantity varies depending upon the amount of inventory consumed since the last
replenishment.
The economic order quantity method is the standard approach in determining desired
inventory levels and reorder points, by minimizing the sum of setup and inventory holding
costs. It assumes that the system is not capacity constrained, and that the setup costs are
independent of the current and next part on the machine. However, the situation in Detroit
Forge, as in other batch manufacturing processes, was not as straightforward.
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The full float axle shafts in production are comprised of eight part numbers that belong to
three part families. The changeover time between parts within the same family is in the range
of 30 to 60 minutes. However, when the changeover occurs across different part families, the
time required can be as high as 6 hours. In addition, the upsetter is the constraining resource
in the value stream. Therefore, the system is sensitive to the sequence of production, and extra
changeovers across part families can lead to reduced throughput. The fixed reorder period
method enables maintaining a fixed production sequence that can eliminate unnecessary
changeovers across different part families. There would be a fixed time window between
successive setups for each part number. The specific part numbers themselves can be
sequenced to minimise the number of cross-family changeovers that are necessary. This
approach also worked well with the fixed steel delivery schedule from the supplier, and was
adopted for the lean system.
4.4.2 Model Inputs and Outputs
For a production line comprising of a single part number, it would be possible to use the
economic order quantity (EOQ) model to determine batch sizes. The EOQ model can be
extended to multiple part numbers and part families if the equipment availability is not a
constraint. When equipment availability does become an issue, it is important to optimise the
changeovers in a manner that minimises cost, and enables demand to be met within the
available time. The inventory optimisation model is a tool that calculates the length of the
replenishment cycle for each part number and determines the associated cycle, buffer and
safety stocks needed. The model minimises the sum of setup and inventory holding costs, and
is constrained to meet customer demand and respect capacity constraints. The model is
valuable for calculating scheduling cycles and supermarkets for a batch process.
The inputs to the model fall in two broad categories: product related and plant related. The
product parameters are related to external factors such as customer demand trends, and
internal factors such as part family and cost. The standard pack is the unit of shipment and is
driven by the customer's operations. This parameter is used by the model to ensure that the
inventory in the supermarket can be characterised as an integral number of standard packs.
51
Part Number Part Average Daily Std. Dev. Of Unit Cost StandardFamily Demand Demand Pack
A123X 1 750 150 $45.00 220
B234Y 1 800 175 $50.00 220
C345Z 1 1350 225 $45.00 220
D456P 1 350 100 $50.00 220
E567Q 1 250 25 $45.00 220
F678R 2 1450 200 $55.00 210
G789S 2 300 75 $60.00 210
H890T 3 350 100 $45.00 220
Table 4.2: Product parameters input to inventory optimisation model
The plant parameters are those which are independent of the parts being processed. These
include global parameters such as number of working days in the year and inventory holding
cost, planning parameters such as service level and safety stock percentages, and operational
parameters such as efficiency of the operation, unplanned downtime and scrap rate. All the
plant parameters used by the model, along with their purpose, are shown in Table 4.3. The
data in Tables 4.2 and 4.3 have been disguised to preserve confidentiality.
Variable Value Units Purpose
Duration of Major Changeover 240 minutes Cost of major changeover
Duration of Minor Changeover 90 minutes Cost of minor changeover
Number of Operators 5 Cost of changeovers
Unburdened Labor Cost 50 $ / Hour Cost of changeovers
Cycle time per part 7 seconds Production time required
Unplanned Downtime 40% % Machine availability
Scrap Rate 2% % Adjust production time
Cycle Time Efficiency 98% % Adjust production time
Annual Working Days 235 days Convert costs to annual basis
Inventory Holding Cost Rate 10% % Inventory holding cost
Number of Shifts 3 Machine availability
Productive Hours per Shift 8 Machine availability
Safety Stock Factor 20% % Inventory levels & holding cost
Service Level Factor 95% % Inventory levels & holding cost
Maintenance Hours / Week 0 hours Machine availability
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Table 4.3: Plant parameters input to inventory optimisation model
The outputs of the inventory calculator, which are shown in Table 4.4, include the length of
the replenishment cycle and the periodicity of replenishment for each part number.
Additionally, the cycle, buffer and safety inventory levels are also calculated along with the
annual setup cost and inventory holding cost. Inventory levels are calculated in multiples of
standard packs to avoid partial packs in stock. The replenishment cycle is defined as the
shortest time frame between two successive production runs for the same part number. For
example, if two parts, A and B, are run across a machine, and A is produced every 4 days,
while B is produced every 8 days, the replenishment cycle is 4 days. The periodicity of
replenishment is defined as the number of replenishment cycles between successive runs of
the same part number. In the example above, the periodicity for A is 1 while that for B is 2.
For the sake of simplicity, the inventory calculator forces the replenishment periodicity to an
integer value.
Cycle Days 7
Annual Inventory Holding Cost $ 175,075.00
Annual Changeover Cost $ 140,580.36
Standard Packs per Hour 1.2
Part Buffer Safety Run # of Pull
Number Stock Stock Periodicity Cards
A123X 5280 660 1100 1 32
B234Y 5500 660 1320 1 34
C345Z 9460 880 1980 1 56
D456P 2420 440 660 1 16
E567Q 3520 220 660 2 20
F678R 10080 840 2100 1 62
G789S 2100 420 420 1 14
H890T 4840 660 1100 2 30
Table 4.4 Output of inventory optimisation model
Replenishment cycles and periodicity assume that the production system will be run in the
mode of fixed replenishment windows with variable batch sizes. In the example in Table 4.4,
the replenishment cycle is 7 days. The first five part numbers belong to Family 1, the next two
to 2 and the last one to 3. Let us consider Family 1. We set up for part number A123X, and
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produce the quantity indicated by the Kanbans for the inventory that was consumed by the
customer. On average, this will be equal to 5280 parts (7 days multiplied by 750 parts per day,
rounded fit an integral number of standard packs). Once the batch has been completed, the
machine is set up for the next part, B234Y and the process is repeated. After running the five
part numbers, a major changeover is needed, as the next part belongs to Family 2. The process
continues until all the parts have been cycled through, which will take 7 days. This brings us
back to the start, and the cycle is repeated.
Note that the run periodicity for part numbers E567Q and H890T is 2. This implies that these
parts will be run only once out of every two cycles, or in a 14 day interval. To keep the run
cycle durations as steady as possible, it makes sense to run these two parts out of phase, i.e.
we may run E567Q during every odd numbered cycle, and H890T during every even
numbered cycle. The production quantities for these parts are still determined by the number
of standard packs consumed by the customer; the only difference is that this consumption
indicates the demand for 14 days, and not 7 as in the case of the other parts.
As discussed in Section 4.4.1, this approach was chosen because of the substantial difference
between major and minor changeovers. As quick die change principles are incorporated, and
this difference is eliminated, the fixed cycle, variable quantity approach is no longer required,
and the system can be run with fixed batch sizes and inventory trigger levels. The output of
the supermarket calculator indicates this scenario by recommending a periodicity of 1 for
every part number.
4.4.3 Design of Supermarket Calculator
The objective of the supermarket calculator is to minimise the sum of annual inventory
holding costs and setup costs, subject to the constraints of meeting demand and adhering to
capacity constraints. The decision variables are the overall length of the replenishment cycle
and the periodicity of replenishment for each part.
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Define the following decision variables:
R Length of replenishment cycle in days
Ni Periodicity of replenishment for part I
Define the following product parameters, which are inputs to the model:
Di Mean daily demand for part I
ai Standard deviation of daily demand for part I
Ci Cost of part I
Fi Family of part I (integer number)
SPi Standard pack quantity for part I
Then, for part I,
Cycle Stock (unadjusted):
CSUi=DixRxNi
Buffer Stock (unadjusted):
BSUi = z x ci x R xNi
where z is the buffer stock factor for the desired service level SL, and defined in relation to the
standard normal distribution, N(0,1),
P(x< z)= SL
Safety Stock (unadjusted):
SSUi = SF x (CSi + BSi)
where SF is the desired safety factor to protect the customer from unexpected outages or
catastrophic failures in production. The safety factor should be set based upon the
performance of the plant, specifically the Mean Time Between Failures (MTBF) and Mean
Time To Repair (MTTR). If the equipment is reliable and repairs are quick (high MTBF and
low MTTR), this factor can be very small, or even zero. On the other hand, if the production
equipment is prone to failure (low MTBF), or the time to repair is significant (high MTTR), it
is prudent to set this factor at a level where the customer is protected. In the case of Detroit
Forge, the Safety Factor was set at 20%, due to the process variability and equipment
unreliability.
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It is necessary to stock inventory in integral multiples of standard packs, which form the unit
of shipment to the customer. Therefore, the cycle, buffer and safety stocks should be adjusted
for the standard pack quantity, recognising that the smallest amount that can be stored is equal
to one standard pack.
Cycle Stock (adjusted):
CSUiCSi = max [round( ,0) x SPi, SPi]
SPi
Buffer Stock (adjusted):
BSUi
BSi = max[round( ,0) x SPi, SPi]
SPi
Safety Stock (adjusted):
SSUi
SSi = max[round( ,0) x SPi, SPi]
SPi
Then, the Annual Inventory Holding Cost:
CSi
Hi = Cixhx( + BSi + SSi)
2
where h is the unit inventory holding rate.
The total inventory holding cost for the part families under consideration is given by the
simple summation
H = Hi
The maximum inventory in the system is simply the sum of cycle stock, buffer stock and
safety stock, which is also the number of pull cards needed.
N (PullCards) = C+( BSi + SS)
SPi
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Define the following plant parameters, which are inputs to the model:
T Time required for a major setup (minutes)
t Time required for a minor setup (minutes)
L Labour cost per hour
n Number of operators assigned to the machine
Cost per Major Setup:
M =TxLxn
Cost per Minor Setup:
m=txLxn
It is necessary to determine the average number of major and minor changeovers during a
single replenishment cycle. Ni is the periodicity for part i, which means that part i is setup for
production once every Ni replenishment cycles. Therefore, 1/Ni is the number of setups for
part i in a single replenishment cycle. The total number of changeovers in a single
replenishment cycle, therefore, is the summation:
CO = I (1/ Ni)
A changeover into a new part family is a major changeover. Considering each part within a
part family, the maximum number of changeovers per cycle is by definition the number of
times a major changeover will need to be made into that part family. For example, if a part
family has 3 parts A, B & C, with periodicities 2, 2 and 4 respectively, the maximum 1/Ni is
0.5, implying that this part family will require 0.5 major changeover per replenishment cycle
or one major changeover every other cycle. The total number of major changeovers per
replenishment cycle is given by:
NM = (max(-))j
Ni
The number of minor changeovers per replenishment cycle is now simple to obtain:
Nm = CO - NM
The cost of major changeovers per cycle is:
CM = M xNM
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Similarly, the cost of minor changeovers per cycle is:
Cm = m x Nm
If the number of working days per year is W, then the total annual cost of changeover is:
wCA =-x (CM +Cm)
R
The goal of the supermarket optimiser is to minimise the total cost defined as the sum of setup
costs and inventory holding cost:
TC=CA+H
The constraint to the objective function is to fulfil demand within the time available.
Define the following variables that are used by the model:
Tp Machine operating time per replenishment cycle (hours per cycle)
Tc Changeover time per replenishment cycle (hours per cycle)
Ct Machine cycle time (seconds per unit produced)_
rq Production efficiency
s Scrap rate
d Unplanned downtime fraction
ns Number of working shifts per day
hs Number of working hours per shift
Then:
Ct x (R x Di)
7 x (- s)
3600
and:
Tc = (t x Nm)+(T x NM)
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Total equipment uptime needed per replenishment cycle to meet demand is given by:
Tu = Tp + Tc
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If downtime m (in hours) is required per week for preventive maintenance, then time
necessary for maintenance M per replenishment cycle is:
R
M=-xm
dw
where dw is the number of working days per week.
As a result, the equipment time available per replenishment cycle is:
Ta = ((R x ns x hs) x (1 - d)) - M
Therefore the optimisation constraint can be expressed as:
Ta Tu
Combining the expressions above, the optimisation goal can be expressed as follows:
Minimize TC, subject to the constraint Ta Tu
Where the decision variables are:
R The length of the replenishment cycle length
Ni The periodicity of replenishment
Appendix 1 contains examples of this optimisation method and a description of the results. As
mentioned earlier, this model is a non-linear optimisation, which can be solved using the
Solver function in Microsoft Excel, or similar utilities in other spreadsheet programs.
4.5 Lean Metrics
The value stream maps and inventory optimisation tool by themselves are not enough to
encourage the desired behaviour among the employees. The plant metrics had to be aligned
with the lean principles for the pull system to be effective. Traditional factory metrics are
typically aligned with those of the financial analysts, and often drive undesirable behaviour.
For example, the desire to improve OEE at Detroit Forge drove the production of large
batches and minimised the number of changeovers. However, this simply resulted in
unnecessarily high levels of inventory. Similarly, the requirement to meet planned production
targets, instead of direct customer requirements, often resulted in manufacturing parts that
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were not needed, which also caused inventory to rise. Lean metrics were added to the
traditional measurements to address this situation.
The lean metrics chosen include:
1. Dock-to-dock time: Minimising the throughput time in the value stream ensures low
WIP and finished goods inventory levels.
2. Fulfilment rate: The goal of the pull system is to satisfy customer requirements
without resorting to expediting.
3. Floor space: As the value stream becomes leaner, the required floor space, including
for inventory storage, should be reduced.
4. Planned changeovers: The number of planned changeovers should be maximised for
flexibility. Unplanned changeovers must be avoided, as they only add waste.
5. Machine availability: This metric must also be maximised by elimination of the causes
of unplanned downtime.
At this time, Detroit Forge has just begun reporting its lean metrics to establish a baseline
against which improvements can be measured. Information on the performance of the pull
scheduling system and improvements achieved is not yet available.
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5. Implementation of Pull Scheduling System
One of the advantages of the pull scheduling system is that it was simple to perform a pilot
implementation, which could then be scaled gradually across the factory. Since the system did
not require any major overhead additions, it could be implemented without incurring any
significant fixed costs or excessive lead time. On the other hand, as it is a people intensive
technique, the implementation had to be coordinated well across functional areas; otherwise
problems would quickly crop up. While, for the purpose of this discussion, the design and
implementation phases have been separated, these were actually interlinked with iterative
steps. The feedback from the implementation process was used to modify the design
appropriately, which, given the simplicity of the system, was relatively painless.
A cross functional lean manufacturing team was formed early in the process to ensure
coordination across all the critical stakeholders. The key team members included the
Manufacturing Manager, the Area Manager for axle shafts, the Maintenance Manager, the
Industrial Engineering Manager and the Materials Manager, who also was the team leader.
The Plant Manager and representatives from the corporate Lean Team provided support for
the team, and occasionally resolved conflicts. Under the guidance of this team, visual
management tools were developed that would provide real-time, point of use information to
the associates. Detailed work instructions and training were developed to ensure consistent
execution. The layout of the plant was modified to the extent possible to improve traffic flow
and facilitate visual management of inventory. Finally, the rollout plan and audit structure
were developed and implemented.
5.1 Visual Management System
The value stream maps and the inventory calculator provide a goal for the pull scheduling
system. However, these cannot be achieved unless a method is designed to provide real time
feedback on the production and inventory status, with the ability to instruct the operators on
the actions to be taken. This methodology is the visual management system consisting of
inventory signs, pull cards, pull boards and scheduling boards.
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5.1.1 Visual Inventory Management
The first step to a visually managed factory is to facilitate visual management of inventory. At
Detroit Forge, this required a change in the method of storing parts. The prior practice was to
store parts in any available location, and keep track of these on a layout sheet. However, for
consistent visual management, it was necessary to provide dedicated locations for each part
number, with minimum and maximum inventory levels clearly displayed. These levels are
based upon the outputs of the inventory calculator. The only way to achieve this was to
modify the layout of the plant to enable buffer inventory storage in a single location. The
major constraints were the immobile equipment such as presses, furnaces and other large
machines. As the initial layout of the plant in Figure 5.1 shows, the parts in inventory for
service contracts were held in a single location, which was actually ideal for the production
inventory. Therefore the layout change was essentially a swap between the service parts and
the production parts. In addition, as seen in the transitional layout in Figure 5.2, it was
fortuitous that there were underutilised shipping docks close to the new supermarket location,
which minimised traffic through the plant and provided an additional safety benefit. The final
layout is proposed in Figure 5.3, and requires a substantial reduction in the inventory levels
needed, in turn relating to improvements in process stability and changeover time.
This future state can be achieved within a couple of years, but is predicated on the
implementation of the pull system and quick die change techniques at Detroit Forge. These
initiatives will reduce the inventory requirements so that the finished goods supermarket can
be moved from Plant 1 to the much smaller area available in Plant 2.
In addition, American Axle & Manufacturing, Inc. will need to allocate new business to
Detroit Forge. Richard F. Dauch, Executive Vice President of Manufacturing has made it
clear that AAM is willing to put $700 million of its current backlog into its North American
plants [Kosdrosky, March 8, 2006], "but only under our conditions with modified contracts
from both a wage and benefit, and classification structure." It is not clear yet whether the
unions are willing to make any concessions on those fronts.
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The inventory locations were set up to enable a first in first out (FIFO) policy to ensure that
parts are not on the shelf indefinitely. FIFO is also critical for a prompt reaction in the event
of quality problems that may be associated with a batch of material or process. The part
storage and retrieval guidelines need to be clear and unambiguous, with clearly marked
locations for inventory, identifying the part number, description and minimum and maximum
number of standard packs in stock. Examples of the inventory signs are shown in Figure 5.4.
Figure 5.4: Inventory identifier at Detroit Forge
5.1.2 Pull Cards
According to lean manufacturing theory, there are two basic types of pull scheduling systems:
1. Two-Card System: This is the traditional pull scheduling system, where one type of pull
card functions as an inventory placeholder, and the other is used as a production
instruction for the supply process.
2. One-Card System: In this system, both the functions are combined onto a single card,
and the location of the card indicates its purpose. A card that is attached to a standard
pack of parts indicates that it is available for the downstream process, while one on a
display board indicates that the part needs to be produced to replenish inventory.
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At Detroit Forge, the one card system was preferred because of its simplicity. Figure 5.5
shows an example of the pull card. In addition to pull cards, the system could be adapted to
include trip cards to trigger production, die preparation or maintenance.
From a practical viewpoint, the pull cards need to be very rugged, as they are the most
frequently handled part of the system. Since the products at Detroit Forge are often exposed to
the elements, the cards needed to be able to withstand extreme temperatures, rain and snow.
In addition, it was important that the cards be fairly heavy and unwieldy, so that they would
not inadvertently be carried off by anyone. Each card represents a standard pack of inventory,
and a missing card implies that the system will always be one standard pack short of the target
inventory level, increasing the risk of stock outs.
Figure 5.5: Example of Detroit Forge pull card
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5.1.3 Visual Management Boards
The pull cards work in conjunction with visual management boards to present information in
a clear and timely manner. The specific board designs differ based on the application and
system parameters. The processes at Detroit Forge were well suited to two types of boards:
1. Supermarket Pull Board
2. Process Scheduling Board
The supermarket pull boards provide information about the level of inventory in the
supermarket. Cards are placed on the boards as product from the supermarket is consumed by
the downstream process (ie., pulled by the customer). The board, therefore, indicates the
depletion of inventory, and the number of cards on the board determines the batch size when
the part is scheduled for production. In addition, cautionary markers were placed on the board
in Detroit Forge to indicate when the inventory levels were becoming dangerously low. If the
system were designed for a fixed batch size, the reorder point could be indicated on the pull
board as well. The supermarket pull board at Detroit Forge is shown in Figure 5.6.
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Process scheduling boards are located next to the supply process or equipment. This board is
especially critical when the supply operation is located at a distance from the supermarket,
preventing a direct visual check of inventory levels. When a particular part number is
scheduled for production, the cards are moved from the pull board in the supermarket to the
process scheduling board by the machine. This is an indicator to the operator to produce these
parts next, with the batch size determined by the number of cards on the board. The Detroit
Forge pull system also uses this board to achieve levelling of the production schedule. The
cards are spaced on the board to correspond to the customer takt time, so it is immediately
visible if production is lagging behind or accelerating ahead of actual requirements. In the
event that the cards on the process scheduling board are exhausted, the operation is shut down
to allow for maintenance, training and other off line functions. As shown in Figure 5.7, the
full float axle shaft upsetter scheduling board displays the schedule for a rolling two day
period divided into six shifts.
Figure 5.7: Upsetter Scheduling Board
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The visual management boards must be as error proof as possible. The sequence of stacking
and removing the cards should be obvious to the associates operating the system. It should be
immediately apparent if gaps are left on the boards in error. Similarly, it should be impossible,
or at least very difficult to place two cards in a single slot. The boards are used to convey
important information to production control, and errors in stacking the cards such as leaving
unintended gaps between cards, or placing multiple cards in a single location defeat this
purpose. A pull system is tightly linked, and errors in one part of the system can have
repercussions across the entire value stream. It is possible to build checks and balances in the
system to ensure that errors do not propagate, but these may place an undesirable burden on
the system. We chose the approach of thorough training, followed by audits and corrective
action procedures to root out the errors and fix them at the source.
5.2 Flow Chart and Work Instructions
The pull scheduling system is a new way of working for all the people involved. At Detroit
Forge, it was necessary for the production control managers to hand over some of the
functions to the material handlers and operators, and trust that these would be executed
correctly. The hourly associates on the other hand had to clearly understand and execute their
roles, and also interpret the instructions on the visual boards correctly. It was necessary to
create an unambiguous set of procedures and work instructions, both for the immediate
implementation and for future reference. A flowchart depicting the entire pull system
responsibilities was created, and work instructions for individual functions were modified to
ensure completeness.
The pull system flowchart formed the basis for the implementation and work instructions. It
clearly depicts the flow of information and products through the system, and the individual
functions responsible for each step. The flowchart was prepared with input from the Detroit
Forge Lean Team, which ensured that there were no omissions, and that the responsibilities
for the individual activities were properly assigned. Once the team had signed off on the
flowchart, it was the responsibility of each manager to ensure that the functions in their
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respective area were properly performed. The flowchart for full float axle shafts is shown in
Figure 5.8.
The detailed work instructions complement the flowchart, and were based upon the individual
task assignments in the flowchart. The instructions were intentionally separated from the
flowchart to avoid unnecessary complications. The pull system steps were simply
incorporated into the existing work instructions for the associates, which made them easily
accessible. In addition, the modification of the work instructions was important for ISO 9000
compliance. These modified instructions formed the basis of the pull system training and
audits. Examples of the work instructions are available in Appendix 2. For confidentiality
purposes, only the modifications corresponding to the pull scheduling system are shown.
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5.3 Training
Prior to a launch of the system, it was important for all the associates involved to understand
its overall operation as well as their specific role in the process. While the flowchart and work
instructions are good references, it was necessary to augment them with formal interactive
training sessions. To ensure consistency and facilitate coordination between shifts, employees
from all three shifts were trained in separate sessions on the same day. This allowed the
training to have the greatest impact and avoided perceptions of preferential treatment for any
shift, while enabling the plant to continue operating as usual.
Hourly and management associates were both covered by the training and attended the
sessions together, enhancing the sense of teamwork. Since the attendees had different degrees
of familiarity with lean manufacturing, a basic introduction to lean thinking was provided to
establish a baseline. A simple simulation exercise provided an interactive feel to the training.
A mock up of the plant was created, and the system was simulated using plastic chips for pull
cards and inventory and a deck of cards for demand. The simulation demonstrated the tasks
that had to be completed to make the pull system work, and the consequences of errors such
as a lost pull card. In addition, trainees could try out different scheduling policies and expose
their strengths and limitations.
A plant walk through, demonstrating the various pull system elements, rounded off the
training. The participants could use this opportunity to familiarise themselves with the
appearance and location of the various boards, as well as to get a feel for the pull cards.
Several good questions came up during the tour, which helped fine tune the system.
Following the formal training, the pull system elements were put through a dry run for a short
period of time. The purpose of the dry run was to enable all the relevant personnel such as
material handlers, operators, schedulers and supervisors to gain familiarity with their tasks, by
actually moving the cards through the various steps. However, the actual schedule was still
driven by the conventional process, until the system was launched.
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A critical portion of the training dealt with managing exceptions. While the system was
designed to minimise decision making on the fly, it was impossible to cover every eventuality
without making it extremely cumbersome. Therefore, formal decision makers were identified
for each type of exception, along with a method to address them so that the impact was
minimised. In addition, a documentation system was established to track the frequency of
specific exceptions and determine whether the system needed to be modified to treat these as
regular events.
The initial formal training spanned 4 hours for each operator. We conducted follow up
training by actually observing the associates on the job and providing feedback to them as
they executed the steps of the system. There was no additional formal training provided for
the managers; however, they were intimately involved in the design of the system, which
provided them with the necessary background to perform their part appropriately. The
schedulers were trained by the Materials Manager, and on the job follow up reinforced the
formal instruction.
5.4 Launch and Audit
A flawless launch of the pull system depended on checking every possible detail, and
adapting in real time as surprises were uncovered. The supermarket inventory buffers were
built up to the levels recommended by the inventory optimisation model. The finished goods
supermarket was organised by part number according to the signs. Individually numbered pull
cards were prepared for each part, and the packs in the buffer were tagged. The remaining
cards were placed on the pull boards. In some cases, it was not practical to attach a pull card
to every existing pack of inventory in the plant. In this event, the cards were used to schedule
the first operation and propagated downstream as the parts made their way through the plant.
Auditing the pull system is crucial to ensuring that the relevant associates are performing their
functions correctly and that cards are not lost. The period immediately following the launch of
the pull system was one of substantial adjustment for the people involved. For example, it was
very difficult for production supervisors to allow a machine to be shut down because the pull
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cards were fulfilled, as their previous goal was to keep production going at all costs. In
addition, demand spikes that depleted inventory could cause unnecessary panic reactions that
then would propagate through the entire production chain. The system was audited several
times each day to identify non conformance, and determine the root cause in an expeditious
manner. This would help the lean team members and the locally affected employees
determine the appropriate solution that could be implemented quickly. The number of audits
would be reduced as the system stabilised and the associates were comfortable using it.
Examples of the audit forms used are available in Appendix 3. Since the pull system was
launched close to the end of the internship, there was insufficient data to determine trends in
the non-conformances.
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6. Evaluation of Lean Results
Lean manufacturing is based upon the Toyota Production System, which explicitly states
"Continuous Improvement" as one of its pillars. An argument can be made that lean
manufacturing is a method, and not a goal, which makes it impossible to identify when a plant
has "become lean". In addition, a successful transition to lean thinking requires a culture
change, which can take quite some time. The benefits of the implementation of lean methods
may not be immediately evident; on the other hand, an early estimate of the potential benefits
could be compared to management goals to determine if alternatives need to be developed and
pursued. In a fast paced business environment, the ability to make informed decisions early
can be critical to success. The lean supermarket calculator and the value stream maps, in
conjunction with a simple cost structure analysis, provide a first order approximation of the
expected benefits from the implementation of lean methods.
The proposed method is best illustrated with an example. For the purpose of consistency, the
full float axle shaft product line at Detroit Forge is chosen as the basis for this illustration.
However, to preserve confidentiality of sensitive data, all the numbers have been disguised.
6.1 Baseline and Future State Assumptions
For the purpose of this discussion, the baseline and future state are both hypothetical scenarios
described in the framework of part variables and plant variables detailed in Chapter 4. This
approach ensures consistency with the supermarket calculator, and is easily integrated with
the value stream maps for the product line. We make assumptions regarding current inventory
levels, support staffing requirements, overtime hours, etc.
6.1.1 Part Parameters
The part parameters are shown in Table 6.1. These values are identical for the baseline and for
the future state, as they do not depend upon any changes made to the method of operation. By
keeping these parameters constant, it is possible to attribute the potential benefits to lean
methods, rather than a change in demand or other product related variable. For consistency,
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we use the same information as in Table 4.2, recognising that the data are disguised to
maintain confidentiality.
Average Daily Std. Dev. Of Annual Cost ofPart Number Demand Demand Unit Cost Goods Sold
A123X 750 150 $45.00 $ 7,931,250
B234Y 800 175 $50.00 $ 9,400,000
C345Z 1350 225 $ 45.00 $ 14,276,250
D456P 350 100 $50.00 $ 4,112,500
E567Q 250 25 $ 45.00 $ 2,643,750
F678R 1450 200 $55.00 $ 18,741,250
G789S 300 75 $ 60.00 $ 4,230,000
H890T 350 100 $45.00 $ 3,701,250
Table 6.1: Part parameters for lean results evaluation
The unit standard cost of the product is based upon the estimation of both direct and indirect
costs. The actual cost of goods sold may vary depending upon the efficiency of operation in
the plant, fluctuations in material costs, changes in the product mix, etc.
The direct costs include the following main components:
" Material: Based upon the weight of the product, and material cost per pound
" Direct Labour: Based upon the total production cycle time from the product routing,
number of operators and fully burdened hourly labour rate
The indirect costs are allocated to the individual products proportionately on a production
volume basis. These costs include the following components:
0 Indirect Labour: Based on material handling requirements, support functions such as
maintenance and the fully burdened hourly labour rate.
" Depreciation of facilities and equipment
" Utilities such as energy, water and waste disposal
* Other overheads such as salaried employees, corporate allocations, etc.
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Inventory is the other major variable related to the products, and is dependent upon the
performance of the plant. Assumptions are made for the baseline case as shown in Table 6.2,
which can then be compared to a future state to estimate the benefits. For the purpose of
simplicity, all inventories prior to the forging operation are considered raw material, and the
forged parts are treated as finished goods. We also assume that the weight of an axle shaft is
50 lbs, and the cost of steel is $0.50 / lb, which yields a material cost of $25.00 per shaft. The
total value of the inventory in the system is about $4.785 million. Assuming an inventory
holding cost rate of 10%, the total inventory holding cost is approximately $478,500 per year.
The total number of pieces, both raw material and finished goods, is about 122 thousand. For
an average daily demand of 5600 shafts, the system lead time is just under 22 days, which is
consistent with the current state value stream map developed in Chapter 4, Section 4.3.1.
Part Unit Finished Value of Raw Value of Total
Number Cost ($) Goods Finished Material Raw Matl. Inventory
Inventory Goods ($) Inventory Inventory on Hand
___ __ __ __ __ __ __ ($) ($)
A123X 45 8,250 371,250 6,250 156,250 527,500
B234Y 50 7,750 387,500 5,000 125,000 512,500
C345Z 45 14,500 652,500 10,000 250,000 902,500
D456P 50 4,500 225,000 5,750 143,750 368,750
E567Q 45 4,000 180,000 2,250 56,250 236,250
F678R 55 17,500 962,500 11,000 275,000 1,237,500
G789S 60 6,750 405,000 10,000 250,000 655,000
H890T 45 6,000 270,000 3,000 75,000 345,000
Total 69,250 3,453,750 53,250 1,331,250 4,785,000
Table 6.2: Baseline inventory assumptions
The future state inventory is not shown in this table, as it is not an assumption; rather it is
based on the output of the supermarket calculator.
6.1.2 Plant Parameters
The baseline parameters for the plant and the full float axle shaft upsetter are shown in Table
6.3. The values here assume that the changeovers are performed in the traditional manner, and
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that the preventive maintenance program is not particularly refined, resulting in low machine
availability. The plant is run as a three shift operation.
Variable Value Units
Duration of Major Changeover 240 minutes
Duration of Minor Changeover 90 minutes
Number of Operators 5
Unburdened Labor Cost 50 $ / Hour
Cycle time per part 7 seconds
Unplanned Downtime 40% %
Scrap Rate 2% %
Cycle Time Efficiency 98% %
Annual Working Days 235 days
Inventory Holding Cost Rate 10% %
Number of Shifts 3
Productive Hours per Shift 8
Safety Stock Factor 20% %
Service Level Factor 95% %
Maintenance Hours / Week 0 hours
Table 6.3: Current state parameters for the plant and the upsetter
For the future state, we make assumptions regarding the improvements in changeover time,
machine availability and quality. In the current context, which attempts to establish an upper
bound on the savings that can be realised, it makes sense to assume aggressive improvements
on the relevant parameters as shown in Table 6.4. Shingo[1985] shows that these values are
aggressive, but realistic. The pull scheduling system will not automatically result in these
improvements; separate, targeted initiatives will be needed for each aspect of performance.
Variable Value Units
Duration of Major Changeover 30 minutes
Duration of Minor Changeover 30 minutes
Number of Operators 3
Unplanned Downtime 15% %
Scrap Rate 1% %
Efficiency 99% %
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Table 6.4: Future state parameters for the plant and the upsetter
The lean supermarket calculator does not consider overtime, as it should not be required for a
steady state business condition. However, prior to the implementation of the pull system and
other lean techniques, it is safe to say that some weekend overtime was necessary. In the
current state, we assume that overtime is needed for three shifts every Saturday, or fifty
working days per year. The assumptions on overtime requirements, including support
personnel such as maintenance and supervisory staff are shown in Table 6.5. The annual
overtime cost for the full float shaft product line is $1,920K.
Personnel Number of Associates Overtime wages per person ($/hour)
Machine Operators 5 $75
Indirect Labour 5 $75
Maintenance 5 $75
Die Room 5 $75
Supervisory 1 $100
Table 6.5: Current overtime needs
6.1.3 Cost Structure Assumptions
The assumptions on part specific parameters and plant operating parameters provide a basis
for estimating the direct savings that can be realised through the implementation of lean
methods. The indirect savings are dependent upon the cost structure of the plant, and should
be estimated as accurately as possible. A reasonable approximation can be achieved based on
a fairly simple cost structure break down as shown in Table 6.6.
Factor % Cost of Goods Sold
Material 50
Labour & Benefits 25
Utilities 15
Depreciation 5
Scrap 2
Miscellaneous 3
Total 100
Table 6.6: Hypothetical Cost Structure
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It is necessary to make assumptions on parameters such as operating efficiency, equipment
downtime, production volume, etc. to arrive at the cost structure breakdown shown in Table
6.6. The actual performance of the plant may change, in which case, the breakdown
percentages are no longer valid. However, for a broad characterisation of the current state, the
cost structure is a logical place to start, recognising that, in the future state, the proportions
will shift based on the improvements made in the various areas.
6.2 Model Outputs
It should be recognised that the current state inventory levels are not necessarily optimal for
the current operating conditions in the plant. The supermarket calculator can easily be used to
compute the inventory and capacity requirements in both the current and future states. This
exercise can demonstrate the improvements that are achievable immediately, and those that
will require improvements in the production process. These values can be related to various
cost factors by making simplifying assumptions and then also scaled up to cover the entire
plant. Table 6.7 is the output of the calculator for the current state plant parameters.
Cycle Days 7
Annual Inventory Holding Cost $ 175,075.00
Annual Changeover Cost $ 140,580.36
Part Cycle Stock Buffer Stock Safety Stock Average Inventory
Number Inventory Value
A123X 5280 660 1100 4400 $ 198,000
B234Y 5500 660 1320 4730 $ 236,500
C345Z 9460 880 1980 7590 $ 341,550
D456P 2420 440 660 2310 $ 115,500
E567Q 3520 220 660 2640 $ 118,800
F678R 10080 840 2100 7980 $ 438,900
G789S 2100 420 420 1890 $ 113,400
H890T 4840 660 1100 4180 $ 188,100
Total 35720 $ 1,750,750
Table 6.7: Current state optimisation
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As Table 6.7 shows, the recommended finished goods inventory can be significantly reduced
without a major change to the plant operating parameters. The optimum inventory level
corresponds to about 6.4 days, down from over 12 days based on the values in Table 6.2. In
terms of value, the plant should be able to reduce the finished goods inventory from
$3,453,750 to $1,750,750.
The model outputs for the future state shown in Table 6.8 predict even greater improvements,
as is expected with improved operations.
Cycle Days 2
Annual Inventory Holding Cost $ 59,080.00
Annual Changeover Cost $ 61,687.50
Part Cycle Stock Buffer Stock Safety Stock Average Inventory
Number Inventory Value
A123X 1540 440 440 1650 $ 74,250
B234Y 1540 440 440 1650 $ 82,500
C345Z 2640 440 660 2420 $ 108,900
D456P 660 220 220 770 $ 38,500
E567Q 1100 220 220 990 $ 44,550
F678R 2940 420 630 2520 $ 138,600
G789S 630 210 210 735 $ 44,100
H890T 1320 220 440 1320 $ 59,400
Total 12055 $590,800
Table 6.8: Future state optimisation
As demonstrated in Table 6.8, the inventory levels in the future state drop significantly once
the changeover time and cost are reduced. In addition, the greater equipment uptime ensures
that it is no longer a constraint, and short schedule cycles with several changeovers become
feasible. Now the inventory level corresponds to just over 2.1 days. As mentioned before, the
pull system facilitates complementary initiatives such as Quick Die Change and Total
Preventive Maintenance, and enables the plant to capture the value from these programs.
Since these initiatives belong to the broad umbrella of lean manufacturing methods, of which
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pull scheduling is a part, we are considering their overall impact when evaluating the benefits
to the plant in the future state.
6.3 Calculation of Benefits
The direct benefits from lean principles are obtained through a reduction in inventory and
overtime. Indirect benefits may be realised through savings in utility costs, scrap and other
costs that reduce as the process quality is improved. Lean manufacturing has been shown to
improve worker morale and productivity as well, but these are not considered in this analysis,
as they are very subjective in nature and cannot be quantified or predicted.
6.3.1 Inventory Reduction
It is evident from Tables 6.7 and 6.8 that the implementation of lean manufacturing methods
results in a dramatic reduction in inventory. The system wide savings from inventory
reduction are even greater, as the tables above only address finished goods. It is necessary to
determine the raw material and work in process inventories as well. An effective way to
achieve this is to compare the days in finished goods inventory to that on the future state value
stream map, and obtain the proportional quantities for raw material and WIP. However, it
should be recognised that these savings are not likely to show up on a conventional income
statement, as Generally Accepted Accounting Principles treat inventory as an asset. The
savings do positively impact the statement of cash flows by reducing the operating cash
needed.
According to the future state VSM in Section 4.3.2, finished goods inventory of 5 days
requires work in process and raw material inventories of 1 day and 4 days respectively. By the
same argument, optimising the current state will require about 1.3 days of work in process and
5.1 days of raw material inventories, with a total value of $896,000. The total inventory in the
value stream is approximately $2.65 million. Similarly, the future state will require work in
process and raw material inventories of about 0.4 and 1.7 days respectively, with a total value
of $294,000. The total value stream inventory in the future state is approximately $885K. As
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shown in Table 6.9, the estimated reduction in inventory holding cost achieved by the
adoption of lean methods is $390K per year.
State Raw Finished Total Inventory Annual
Material Goods Inventory Holding Savings on
Inventory Inventory ($K) Cost (at Baseline
($K) ($K) 10%) ($K) ($K)
Baseline 1,331 3,454 4,785 478.5 0
Current State
Optimised 896 1,751 2,647 264.7 213.8
Current State
Optimised 294 591 885 88.5 390.0
Future State
Table 6.9: Inventory savings through lean implementation
6.3.2 Labour Savings
As mentioned earlier, the inventory calculator assumes no weekend overtime, yielding
savings that directly go to the bottom line. Based on the assumptions in Section 6.1.2, the
annual reduction in overtime labour is $1,920,000. Only the unburdened labour rate is
considered, as the employee benefits are indexed to their straight time wages, and not affected
by overtime requirements. In the optimised current state, no additional labour savings can be
realised, as the plant is capacity constrained. However, in the future state, the capacity
requirements based on the supermarket calculator show that it is actually possible to run the
value stream as a two shift operation, resulting in significant savings. In this case, the labour
cost is reduced by the full wages and benefits associated with the operators dedicated to the
machine, as well as a proportionate amount for the support staff. There are no savings
anywhere else in the value stream as all the other processes already operate reliably and
efficiently. Table 6.10 highlights the main labour cost savings, assuming a fully burdened
wage rate of $125 per hour.
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Labour Type Fully Burdened Cost / Number of Total Annual Cost
Operator / Hour Operators / Shift / Shift
Direct Operator $125 5 $ 1,175,000
Indirect Labour $125 5 $ 1,175,000
Die Room $125 5 $ 1,175,000
Maintenance $125 5 $ 1,175,000
Supervisor $175 1 $ 329,000
Total 21 $ 5,029,000
Table 6.10: Labour savings associated with the adoption of lean methods
The optimised current state yields an annual labour savings of about $1,920K by reducing
weekend overtime and the future state saves an additional $5,029K by eliminating a shift.
The ability of the company to actually realise these savings depends both on the success in the
implementation of lean principles as well as on the prevailing labour contracts. At this point
in time, the typical UAW contracts contain a clause pertaining to the "Supplemental
Unemployment Benefit" or SUB, which is a protection in the event of involuntary termination
of employment. In most cases, a worker who is laid off will continue to receive nearly full
compensation which is borne by the company and the state. The share of the company is close
to 65%, which significantly reduces the labour savings that can be realised in the future state
through elimination of a shift to approximately $1,760K.
6.3.3 Indirect Benefits
The estimation of indirect benefits can be quite complex. However, by relating the annual cost
of goods sold to the cost structure breakdown, it is possible to obtain a first order
approximation of these savings. As shown in Table 6.6, the main elements in the cost
structure are material, labour, utilities, depreciation and scrap. In addition, based on the
information in Table 6.1, the annual COGS for full float axle shafts is $65,036,250.
We assume that there will be no savings on material attributable to the implementation of lean
methods, as the weight of the product is unchanged. Any changes in the material cost will be
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due to price negotiations or other fluctuations independent of the lean manufacturing effort.
The depreciation cost is a fixed cost, based on capital expenditures and the useful life of
assets. It is not affected by the change in scheduling policy or plant operating parameters. If
the product sales remain constant, the depreciation cost is unchanged as a percentage of
COGS. The potential savings in labour have been covered in Section 6.3.2, which leaves
utilities and scrap costs as the possible candidates for indirect benefits.
The savings in utility costs are due to reduced operating hours in the plant. In the baseline
case, the plant operates 6 days a week, 24 hours a day for 50 weeks in a year, adding up to a
total of 7200 annual operating hours. When the current state is optimised, the Saturday
operations are eliminated, resulting in a reduction of 1200 operating hours. When the third
shift is also eliminated, the annual operating hours reduce by an additional 2000 hours. In the
baseline case, the utility cost is 15% of COGS, or about $9.76 million per year. Assuming a
linear relationship between utility costs and hours of operation, the savings shown in Table
6.11 can be calculated. This is a best case scenario; if the machines need time and energy to
warm up and cycle before actual production can commence, the realisable savings will
reduce.
Scenario Straight Time Overtime Hours Utility Costs Savings on
Hours ($) Baseline ($)
Baseline 6000 1200 9,755,437 0
Optimised 6000 0 8,129,531 1,625,906
Current State
Optimised 4000 0 5,418,687 4,336,750
Future State
Table 6.11: Savings in utility costs due to lean implementation
The estimation of savings in scrap costs is much more straightforward. In the future state
parameters we assume a reduction of 50% in scrap. The baseline scrap rate is 2% of COGS,
which corresponds to $1,300,725. In the future state, the scrap expense will be reduced to 1%
of COGS, a saving of $650,363.
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6.4 Summary of Benefits
The previous sections describe a methodology to compute the potential savings that could be
achieved through a lean implementation. The assumptions are intentionally aggressive, to try
and predict an upper bound for the benefits. The complete set of financial benefits is
summarised in Table 6.12.
Category Optimised Current State Savings Optimised Future State Savings
$000 % COGS $000 % COGS
Inventory 214 0.3 390 0.6
Labour 1,920 3.0 6,949 10.7
Utilities 1,626 2.5 4,337 6.7
Scrap 0 0.0 650 1.0
Total 3,760 5.8 12,326 19
Table 6.12: Summary of savings through lean implementation
It is interesting that the direct (inventory and labour) and indirect (utilities and scrap) savings
are of the same order of magnitude. The calculation of savings is driven by the cost structure
assumptions made earlier in this chapter, as well as the method of analysis. At this time, we
do not have adequate data from AAM to compare the predicted savings to the actual benefits
realised at Detroit Forge. In addition, a large proportion of savings in labour and utilities can
be attributed to the elimination of an entire shift, which requires a successful implementation
of quick die change and preventive maintenance techniques.
Based on the assumptions made earlier, the overall savings achievable through the
implementation of the various lean techniques is about 19% of the COGS. In several business
situations, this result would be adequate to achieve management targets. For example, if a
10% cost reduction will provide the plant with a sustainable competitive advantage, a
concerted effort on the lean manufacturing program is the way forward. However, in other
cases, the estimate of benefits may indicate the need for development of additional
alternatives. For example, if the plant needs to reduce overall costs by 25%, the lean
manufacturing program would not meet these needs. Then, strategic alternatives need to be
developed, and a potential framework is presented in the next chapter.
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7. Identification of Strategic Alternatives
The baseline and future state scenario analysis presented in Chapter 6 describes a
methodology to calculate the potential benefit to a value stream through the implementation
of a lean manufacturing program. Even if the pilot implementation covers only a single value
stream, we can estimate the benefits to the entire plant by assuming similar percentage
savings on the cost of goods sold. At this point, if the potential benefits fall short of
management goals, it becomes necessary to evaluate alternatives outside the realm of pure
operational improvement. In the current discussion, such options are referred to as strategic
alternatives.
7.1 Baseline Assumptions
This chapter uses the hypothetical cost structure breakdown proposed in Table 6.6. However,
we explicitly separate the labour cost into wages and benefits, as negotiations with the unions
occur independently on these two portions of compensation. Assuming equal contribution
from wages and benefits, we get the cost structure shown in Table 7.1. An additional
assumption is that the revenue is 20% lower than COGS, as mentioned in Section 6.4, which
implies a gross margin loss of 25%.
Cost of Goods Sold 100
Revenue 80
Factor % Cost of Goods Sold % Revenue
Material 50 63
Labour 25 31
Utilities 15 19
Depreciation 5 6
Scrap 2 2
Miscellaneous 3 4
Total 100 125
Table 7.1: Cost structure breakdown
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The main raw material for axle shafts is special bar quality steel, whose price is driven by the
global market. In the present economy, the price of good quality steel is relatively
independent of the source, as most large steel mills are capable of supplying both domestic
and international markets. The purchase price of steel is negotiated centrally by the AAM
procurement team, which ensures that the individual plants benefit from the total volume
purchased by the company. It is therefore unlikely that any additional raw material cost
savings can be realised through sourcing decisions, whether strategic or tactical. For the
greatest effectiveness, attempts to reduce material cost should focus on the optimisation of the
product design or on the use of lower cost alloys, methods which are beyond the scope of this
thesis.
Since material cost can be assumed as a fixed cost for a given revenue stream, strategic
decisions can only affect the other costs. It is useful, therefore, to consider these costs as a
percentage of the difference between revenue and material cost; this is the available margin to
absorb the operating cost and depreciation of the plant. In a break-even operation, the margin
for absorption will be exactly equal to the sum of the operating cost and depreciation;
therefore the percentages will add up to 100%. Since we assume that the operation makes a
loss, each cost component is a correspondingly larger portion of the margin for absorption,
and the sum of the percentages is greater than 100%. From the values in Table 7.2, the sum of
these costs needs to reduce from 167% to 100% for the operation to break even, a reduction of
approximately 40%. We should note that, based on the assumptions and evaluation in Chapter
6, the lean initiatives might actually be adequate to bring this hypothetical operation back into
the black. In this chapter, however, we assume that additional savings are necessary.
Factor % Cost of Goods Sold % (Revenue - Material Cost)
Labour 25 83
Utilities 15 50
Depreciation 517
Scrap 2 7
Miscellaneous 3 10
Total 50 167
Table 7.2: Cost structure related to margin for absorption
90
7.2 Evaluation of Strategic Alternatives
The range of possible strategic alternatives depends upon the specific business circumstances.
This section discusses some potential options, but the list is by no means exhaustive. It should
be possible to adapt this method to different products and situations as needed. For an internal
captive customer, it is always possible to adjust the transfer price and improve the perceived
profitability of the plant. This option is not explored, as this thesis assumes that the transfer
price is set based upon the market price for a similar product.
7.2.1 Continue Business as Usual
At one end of the spectrum of alternatives is the option to make no strategic changes and
focus on purely operational improvements. This choice ensures that the relationship with the
customers and the employees is maintained, and that the supply of products is able to continue
uninterrupted. These benefits are not trivial, and must be considered seriously. This approach
is feasible only when the overall company is profitable, and the loss leading operations are a
critical part of its value proposition.
This option also makes sense if the market price of the product is artificially depressed. In the
case of automotive forged components, several suppliers have resorted to aggressive and
apparently unsustainable price cutting to win business and gain market share. This strategy
has created a significant pressure on all the suppliers, many of whom have been forced into or
are close to bankruptcy. There are very few automotive suppliers who are profitable purely on
the basis of their forging operations, especially in the case of larger components. When the
forging division is primarily a supplier to the assembly division, it may make sense to
continue operating as usual, provided the company as a whole is profitable.
7.2.2 Invest in New Technology
Based on our assumptions and analysis, the labour costs (wages and benefits) are half of the
non material costs. Therefore, a logical approach is to implement new, labour saving
production technologies in the plant, such as simple and robust automation. These solutions
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are also likely to positively impact the scrap costs by achieving better process stability with
in-line quality measurements and feedback control.
Forging operations are energy intensive, due to the heating of the raw material and its
subsequent plastic deformation into the finished product. Improvements in the energy
efficiency of these processes would translate into savings in the utility costs, which currently
comprise about 30% of the non material costs. We should note that the heating and
deformation processes require a minimum theoretical energy based upon the mechanical and
thermal properties of the raw material. This minimum energy establishes a limit to the
potential utility savings that can be realised.
Investment in new technologies is likely to require significant capital expenditure, which
adversely affects the depreciation expense of the plant. Therefore, the technological route is
attractive only if the savings in labour and utilities costs significantly outweigh the increase in
depreciation cost.
7.2.3 Re-negotiate the Labour Contract
The cost structure assumptions in Table 7.1 show that, next to material, labour is the largest
component of COGS. This is typical of most manufacturing processes, except those that are
almost completely automated. A reduction in the labour cost translates to a substantial
improvement in the cost of the product.
The domestic automobile industry is struggling with very high labour costs that place the
OEMs and their dedicated suppliers at a disadvantage. The primary drivers for these costs
include:
1. Base wage increases: The UAW has proven to be a very effective negotiator in obtaining
favourable wage rate increases for its members. The UAW also represents most
employees on a site, regardless of whether they are directly involved in manufacturing
the product. For example, the gardening staff at AAM is represented by the UAW, which
increases the cost for what is essentially a fringe service.
92
2. Supplemental Unemployment: Most large automotive manufacturers and suppliers have
agreed to a supplemental unemployment benefit clause with the UAW, which guarantees
a certain level of wages for the associates in the event of involuntary termination. This
clause is a burden for manufacturers when business conditions are adverse, as they are
unable to capture the entire value of efficiency improvements, which limits their ability
to invest in new technologies.
3. Benefits: The benefits provided to the associates in the automobile industry are often
superior to those in other industries. These include vacations, overtime, retirement and
health care, all of which add up to a significant proportion of the base labour rate. It is
telling that the fully burdened labour cost is over double that of the unburdened cost.
4. Retiree benefits: The subject of retiree benefits is a very sensitive one, both socially and
politically. The issue is that the retiree pension and healthcare accounts were funded in
the past based upon the then current costs and life expectancies. The subsequent
improvements in medical care have significantly improved the average life expectancy,
which results in a much longer period of retirement. In addition, healthcare cost has also
increased substantially, especially as ailments that were once considered part of ageing
become treatable. As a result, manufacturers in the automobile industry are faced with a
large expense for their current retirees, in addition to accruing accounts for future
retirement benefits. The transplants of foreign automakers do not face this issue, as they
do not yet have many retirees from their U.S. operations.
As the domestic automobile manufacturers come under increasing pressure from the foreign
transplants and lose market share to them, the requirement to renegotiate labour costs
becomes more imperative. The shrinking market share and top line revenue imply that a
business turnaround is essential for the survival of these companies. It is in the interest of both
the management and the union to achieve this turnaround. This common goal may provide the
motivation to negotiate on labour costs, and help improve the competitiveness of the
company.
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7.2.4 Change the Product Mix
The cost structure of the plant depends upon the volume and mix of product flowing through
the plant. Depending upon the equipment available, it may be possible to add another product
line into the plant that could be more profitable. Additional business routed into the plant can
be priced more aggressively, as the proportion of fixed costs such as depreciation and retiree
benefits to be amortised may be less. In addition, it could be possible to negotiate a separate
base wage rate as well, which would then increase the margins even further. It will be
necessary to first free up capacity through the lean initiatives, which can then be allocated to
new products introduced into the plant.
7.2.5 Relocate the Plant
One option to reduce the operating cost of a plant is to locate it in a lower cost region of the
world. Several industries, especially manufacturers of electronic equipment, have chosen this
option. The key factors in this decision are:
1. Portability of technology: In order to start up a new plant, or relocate an existing one, the
critical manufacturing technologies must be understood very well. The equipment should
either be locally available, or relatively straightforward to transport to the new location.
While forging is in essence a very simple process, the actual product design and
manufacturing parameters are based more on experience than on pure science. It can take
several months to set up and commission a forging press, and it is difficult to guarantee
consistent product quality over time. Forging manufacturers tend to avoid moving
equipment unless absolutely essential. In addition, a lot of the equipment currently in use
is no longer available, and substitutes must be found, bringing on a whole new set of
technical challenges. The positive aspect is that the transition provides the opportunity to
redesign the system from the ground up, and incorporate the principles of lean thinking
into the design of the production process.
2. Investment: A new plant implies a substantial investment in facilities, equipment,
recruiting, training, etc. In the immediate term, this will increase the depreciation cost to
the company substantially, which reduces the savings that could be realised. However,
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the new facility also provides access to the local market, which could help defray the cost
of investment.
3. Transportation related cost: It is obvious that the actual transportation cost of the product
must be low to ensure that the savings can be realised to the bottom line. If the
transportation time is significant, it will also be necessary to hold additional buffer and
safety inventory on hand to absorb natural demand variability as well as to protect from
any interruptions in shipping. The product en route also adds to the total inventory owned
by the company. These costs must also be explicitly considered prior to making the
decision to relocate the plant. As a case in point, an internal study at AAM showed that,
to justify the procurement of steel from India, it was necessary to obtain it at about a 30%
discount on the domestic price, to cover the cost of shipping, inventory holding and
incidental costs.
4. Obsolescence & quality costs: The high inventory associated with transportation also
exposes the company to greater obsolescence costs, which is a concern in volatile
industries. The quality costs relate to the discovery of a defect in the finished product that
might require an inspection of the entire inventory in transit as well as on hand. As a case
in point, the discovery of a minor inclusion defect in one of the axles supplied by AAM
triggered the inspection of two days worth of shipments, amounting to over 25000 axles.
For supply chains with longer lead times, such as the supply pipeline from Asia to North
America, which is measured in weeks, a similar inspection requirement would be
prohibitively difficult and expensive.
7.2.6 Close the Plant and Outsource Production
If there is excess manufacturing capacity in the industry, the higher cost plants will be
squeezed. In that case, it may be necessary to close the plant and enter a strategic alliance with
a more efficient, low cost supplier. For example, the excess global automobile assembly
capacity is cited as one of the reasons for the recent plant closings announced by Ford and
GM. However, these companies plan on absorbing the volume internally, and therefore do not
need to enter into new partnerships. This is not purely a financial decision; the strategic
importance of the technology must be considered prior to making a decision on outsourcing.
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Complete dependence on an outside supplier raises the possibility of hold-up. This concern is
especially serious if the technology is not easily portable and if significant investment is
needed in tooling and process development. One way to minimise the possibility of hold-up is
to retain ownership of the tooling and intellectual property on the process, which will enable
transferring production to another supplier who has similar equipment. A preferred approach
is to use the incentive of potential future business to dissuade the supplier from pushing the
company into a corner.
The options discussed in Section 7.3.5 and 7.2.6 may also create significant transition costs
due to the closure of the existing facility. These costs could include severance payments for
workers, cost of facility disposal, losses on the balance sheet due to asset liquidation, etc.
7.2.7 Use Chapter 11 Bankruptcy Protection
Chapter 11 bankruptcy protection is an extreme approach that is invoked only when
circumstances are dire. It is not an option that can be considered lightly, as there are several
negative ramifications including loss of customer confidence and potentially lower future
credit rating. Chapter 11 is a possible option only for stand alone businesses, and applicable
only when the company's inability to meet its obligations to its creditors threaten it with
liquidation. A loss making division of an otherwise profitable company cannot invoke this
legal protection from creditors.
The advantage of Chapter 11 is that it provides the management with a relatively clean slate
to negotiate with both its creditors and the unions representing its employees. It provides a
platform to discard non competitive contracts, and establish new ones. In general, companies
emerging from Chapter 11 bankruptcy protection are more competitive than their rivals, and
positioned to perform well at least on the cost side. For example, if the current negotiations
between Delphi management and the UAW are successful, Delphi will have a significantly
lower labour cost structure than it did in the past, making it a much more competitive
company. The negative perceptions associated with Chapter 11 do not appear to be a factor in
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services that are marketed directly to consumers. In the airline industry, for example, one of
the most successful companies today, Continental Airlines, went through Chapter 11 twice.
Northwest, Delta and United are currently in Chapter 11, and do not appear to be suffering
from any lack of customer confidence. In the case of commercial suppliers, it is not clear
whether their customers will defect due to concerns about financial viability and the stability
of their supply chains, or remain loyal and take advantage of a more competitive company.
The Chapter 11 filing by Delphi is being closely watched by observers in the automobile
industry, as its outcome could determine the route other suppliers might take in the future.
7.3 Summary
Each of the alternatives discussed in Section 7.2 has positive and negative aspects, both
financial and otherwise. The alternatives are not mutually exclusive, and it is conceivable that
some may be combined with each other for maximum benefit. The discussion was
intentionally qualitative; any attempt to quantify the alternatives would require a vast number
of assumptions that could easily skew the analysis. In addition, a strategic choice analysis is
incomplete without a thorough examination of the competitive landscape, which is different
for every industry.
The alternatives discussed above are summarised in Table 7.3, along with their pros and cons.
Each of the alternatives could be implemented in parallel with the lean initiatives, which
might actually make them easier to accept in the plant. The lean manufacturing program is an
effort to cut costs through operational improvements alone. When the workforce realises that
this is not enough, the alternatives might become more palatable.
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Option Positive Impacts Negative Impacts Comments
Continue business as e Uninterrupted * Continue to miss * Not sustainable in a
usual product supply business targets stand alone business
9 Low effort
* No adverse impact
on employee
morale
Invest in new * Reduce utility, * Increase * Can be combined
technology labour and scrap depreciation cost with other options
cost * Complexity of * Best suited for
supporting legacy industries where
and new quantum leaps in
technology in same technology are
plant possible
Renegotiate the e Significant impact 9 Lower employee * Can be combined
labour contract e May be achieved morale with other options
without 9 Politically difficult
production * Union is likely to
disruptions require other
concessions
Change the product * Morale booster as * Requires the right * Possible to combine
mix more work is match of product with other options
brought in house and capacity * Provides a clear
* Improve return on * Significant sales way to eliminate
assets effort to obtain unprofitable product
new orders lines
9 Other plants may
be cheaper, and
win the business
Relocate the plant 9 Lower operating * Transportation cost * Can be combined
costs 9 Excess inventory with most other
" Implement new requirements options at no
technologies for * Higher cost of additional cost
greater efficiency defect mitigation
" Optimise layout 9 Potentially higher
for product flow management costs
* Possible 9 Impact on current
incentives from labour contract
local authorities to o Increased
set up plant depreciation cost
* Portability of
technology
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Table 7.3: Summary of strategic alternatives
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Option Positive Impacts Negative Impacts Comments
Close the plant e Product cost is * Impact on current * Should be
fixed labour contract undertaken only if
0 Simplicity 9 Complexity of the outsourced
shutting down the product is not the
plant core competence of
*Possibility of hold- the company
up or future
competition from
supplier
Invoke Chapter 11 9 Enables e Lower employee * Extreme step that
bankruptcy renegotiation of morale and should be taken
protection most contracts possible work only if the
* Realise lower stoppage circumstances
labour costs and 9 Customer concern absolutely demand
improved regarding stability it
operations of supply
* Lower debt rating
in the future
[This page is intentionally blank]
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8. Conclusions and Future Work
This project explored the application of lean manufacturing techniques to a batch production
environment. In addition, it attempted to develop a methodology to evaluate the potential
benefits from the lean transformation. Finally, strategic alternatives were explored in the
event that the benefits from the operational improvements were insufficient to meet the
business requirements. As a result, the project attempted to compare and contrast the value of
lean manufacturing principles and strategic alternatives to achieve specific business
objectives.
8.1 Conclusions
The design and implementation of the pull scheduling system demonstrated that lean
manufacturing principles are adaptable to batch production. Tools such as value stream
mapping, supermarkets and demand levelling mechanisms were all used effectively. Coupled
with planned improvements in both changeover time and equipment availability, the pull
scheduling system predicts substantial savings in operational costs.
A framework was developed to estimate the potential benefits attributable to the
implementation of lean techniques. The framework is based on the cost structure of the plant
as seen on the income statement, and estimates the impact of the operational improvements on
the major cost drivers in the plant. While the results vary based on the nature of the business
and the current state of the plant, the method is applicable to a variety of environments.
The development of strategic alternatives depends upon the specific business. The framework
presented once again begins with the main components of the cost structure. We evaluate a
wide spectrum of alternatives that impact one or more of these components. These options
may be combined with each other in some cases; others may be mutually exclusive. The
preferred solution might be a hybrid of several ideas, but it is instructive to look at each in
isolation.
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8.2 Lessons Learned
The internship was a valuable learning experience for the author, especially due to the
implementation portion of the project. It provided an opportunity to work in an unfamiliar
culture and create value that would be appreciated at several levels of the organisation. Key
lessons learned were:
0 Respect the existing culture: Change occurs in the context of the current culture, not in
isolation. If you don't respect the existing culture, it will be very difficult to help change it.
0 Identify stakeholders and their interests: The pull scheduling system impacted several
people, any of whom could have blocked the implementation in subtle but effective ways.
Our project proceeded fairly smoothly because we had involved all the stakeholders early,
and ensured that their interests were addressed.
0 Communicate, communicate and communicate again: When one is intimately
involved with a project, it is easy to assume that all those around you have the same level
of familiarity with it. This assumption is dangerous because the stakeholders have no idea
about the value proposition, and may be put in a difficult position if asked about the project
by senior management.
0 Data and logic work: In the few instances that we encountered resistance, we were
able to make our case by discussing the background data and model logic. It was easier to
sell an idea based on facts rather than broad generalisations.
During the internship, Detroit Forge and AAM also underwent organisational learning,
especially with respect to the applicability of lean manufacturing techniques to a forge.
0 Rethinking batch sizes: The established practice at the plant had been to produce large
batch sizes to improve equipment utilisation, which, according to conventional wisdom,
would minimise cost and increase profitability. The lean pull scheduling system project
demonstrated value of reducing batch sizes and increasing changeover frequency for both
cost savings and responsiveness to the customer.
* Teamwork: The pull scheduling system project highlighted the need for teamwork.
The associates involved worked in different departments and at different levels in the
organisation. It was necessary for everyone to buy in to the project and complete their
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deliverables for the implementation to succeed. As a result, the management staff and
hourly associates worked together to ensure that the pull system implementation was
completed smoothly.
8.3 Recommendations for Future Work
The focus of this project was the implementation of a pull scheduling system at Detroit Forge
in accordance with lean manufacturing principles. However, without the support of other lean
tools, the benefits achievable are quite limited. The pull system itself was internal to Detroit
Forge, which also limited its effectiveness. The following projects could be logical extensions
going forward:
1. Quick Die Changeovers: AAM already has Quick Die Change (QDC) initiatives in place.
However, these projects have yet to achieve significant reductions in changeover time. It
might be helpful to have an outsider review the changeover process and determine and
implement methods to drastically reduce the time required for a changeover. The
reliability and quality of the changeover process must also be addressed.
2. Total Preventive Maintenance: Equipment availability is a major issue at Detroit Forge,
contributing to the constant fire-fighting mode of operation in the plant. A project
focussed on improving the equipment uptime through targeted maintenance procedures
would provide substantial value to the plant.
3. Extension of Pull Scheduling System: The natural extension of the pull scheduling
system upstream towards the suppliers and downstream towards the customers will
ensure both the sustainability of the system, as well as provide an impetus for continuous
improvement. It also would create a true system view of the entire value stream, and
avoid the tendency for piecemeal optimisation.
4. Expansion of Pull Scheduling System: The current project focussed only on one value
stream. It is necessary to expand the system to cover all the major value streams flowing
through the plant. This is not a trivial task, and needs dedicated attention as new issues
are unearthed that need to be resolved.
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Future work could also cover the framework for the estimation of benefits from lean
manufacturing principles and the evaluation of strategic options through the following
suggested projects:
1. Lean Transformation Benchmarking: An effective way to validate the framework
presented to estimate the benefits of lean methods is to benchmark a manufacturing plant
that is further along in its lean transformation. This study could use past performance
data from the plant to predict the improvements from lean, and compare it to the current
performance parameters. Simultaneously, the predicted benefits can be compared to the
realised benefits and used to fine tune the framework.
2. Quantitative Evaluation of Strategic Alternatives: Each of the strategic alternatives can
be evaluated using real industry data. A quantitative framework can be created that
weighs in the savings achievable, the practicability, and the negative consequences of
each approach, providing a decision support tool to narrow down to the preferred choice.
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Appendix 1: Inventory Optimisation Model
This appendix demonstrates the working of the inventory optimisation model. The current
state is used as the base case, and different inputs are varied to demonstrate the impact on the
model output. Through this approach, we can predict the performance of the plant as the
operating parameters or the external business conditions change.
Exhibit 1: Base Case
The parameters assumed for the baseline scenario are shown in the following tables. The total
demand across all part numbers is 5600 parts per day. Major changeovers take about four
hours, while minor changeovers require about an hour and half to complete.
Variable Value Units
Duration of Major Changeover 240 minutes
Duration of Minor Changeover 90 minutes
Number of Operators 5
Unburdened Labor Cost 50 $ / Hour
Cycle time per part 7 seconds
Unplanned Downtime 40% %
Scrap Rate 2% %
Efficiency 98% %
Annual Working Days 235 days
Inventory Holding Cost Rate 10% %
Number of Shifts 3
Productive Hours per Shift 8
Safety Stock Factor 20% %
Service Level Factor 95% %
Maintenance Hours / Week 0 hours
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Part Number Part Average Daily Std. Dev. Of Unit CostFamily Demand Demand
A123X 1 750 150 $45.00
B234Y 1 800 175 $50.00
C345Z 1 1350 225 $45.00
D456P 1 350 100 $50.00
E567Q 1 250 25 $45.00
F678R 2 1450 200 $55.00
G789S 2 300 75 $ 60.00
H890T 3 350 100 $45.00
The output of the optimisation model is shown below.
Cycle Days 7
Annual Inventory Holding Cost $ 175,075.00
Annual Changeover Cost $ 140,580.36
Part Cycle Buffer Safety Run Average Inventory
Number Stock Stock Stock Periodicity Inventory Value
A123X 5280 660 1100 1 4400 $ 198,000
B234Y 5500 660 1320 1 4730 $ 236,500
C345Z 9460 880 1980 1 7590 $ 341,550
D456P 2420 440 660 1 2310 $ 115,500
E567Q 3520 220 660 2 2640 $ 118,800
F678R 10080 840 2100 1 7980 $ 438,900
G789S 2100 420 420 1 1890 $ 113,400
H890T 4840 660 1100 2 4180 $ 188,100
Total 35720 $ 1,750,750
The cycle stock is not exactly equal to the average daily demand multiplied by the length of
the adjusted to accommodate an integer number of standard packs each in cycle, buffer and
safety stocks.
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The model predicts the number of major and minor changeovers needed, as well as the
associated costs as shown in the following table.
Major Setups / Year 84
Minor Setups! Year 151
Cost / Major Setup $ 1,000.00
Cost / Minor Setup $ 375.00
Annual Maj Setup $ $ 83,928.57
Annual Min Setup $ $ 56,651.79
Total Annual Setup $ $ 140,580.36
The model predicts about 33.6 production cycles in a year (number of working days in the
year divided by days per cycle). Therefore, 2.5 major setups are required per cycle, which
stands to reason, as part families 1 and 2 are produced in every cycle, while part family 3 is
produced only in every alternate cycle.
Finally, using the operating parameters of the plant, the total changeover time, run time and
downtime per cycle can be calculated and compared to the available hours as shown below.
Run Hours / Cycle 79.4
Setup Hours / Cycle 16.75
Downtime Hrs / Cycle 67.2
Maintenance Hrs / Cycle 0
Required Hrs / Cycle 163.35
Available Hrs / Cycle 168
In this example, plant capacity is a constraint, though the required hours are not exactly equal
to the available hours. This discrepancy is caused by the model constraint that production
cycles must be an integral number of days.
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Exhibit 2: High Demand
In this scenario, the plant parameters are unchanged. However, the total demand across all
products is increased by 25% to 7000 parts per day as shown below.
Part Number Part Average Daily Std. Dev. Of Unit CostFamily Demand Demand
A123X 1 900 150 $45.00
B234Y 1 900 175 $50.00
C345Z 1 1600 225 $45.00
D456P 1 500 100 $50.00
E567Q 1 500 25 $45.00
F678R 2 1600 200 $55.00
G789S 2 500 75 $60.00
H890T 3 500 100 $45.00
The model outputs for this case are shown below.
Cycle Days 85
Annual Inventory Holding Cost $ 2,150,900.00
Annual Changeover Cost $ 13,477.94
Part Run Cycle Buffer Safety Average Inventory
Number Periodicity Stock Stock Stock Inventory Value
A123X 1 76560 2200 15840 56320 $ 2,534,400
B234Y 1 76560 2640 15840 56760 $ 2,838,000
C345Z 1 135960 3520 27940 99440 $ 4,474,800
D456P 1 42460 1540 8800 31570 $ 1,578,500
E567Q 1 42460 440 8580 30250 $ 1,361,250
F678R 1 136080 2940 27720 98700 $ 5,428,500
G789S 1 42420 1050 8820 31080 $ 1,864,800
H890T 1 42460 1540 8800 31570 $ 1,420,650
Total 435690 $ 21,500,900
It is striking, but easily explainable, that an increase in demand of only 1400 parts per day or
25% over the base case causes the replenishment cycle to increase from 6 days to 85 days.
The assumption of 40% unplanned downtime implies that of the 24 hours in a day, the
machine is operational only for 14.4 hours. At 7 seconds per part, an average daily demand of
7000 parts requires the machine to run for 13.6 hours, leaving only 0.8 hours per day for
changeovers, efficiency losses and scrap. The predicted average inventory on hand and the
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associated value increase by more than a factor of twelve. If the demand is further increased
by only 50 parts per day, the recommended cycle length shoots up to 155 days. An additional
increase of 50 parts per day makes it impossible to meet demand under the current operating
parameters. Since the base case is capacity constrained, any additional demand must be
accommodated in the time freed up by reducing the number of setups per day. As the cycles
become longer, the proportional reduction in setup time reduces further, forcing extremely
long cycles to accommodate modest increases in throughput. This non linear relationship
between plant utilisation and lead time, which is consistent with the predictions of queuing
theory, shows the sensitivity of the plant to an increase in demand.
The changeovers and breakdown of available hours in the plant are shown in the tables below.
As expected, the plant is capacity constrained.
Major Setups / Year 8
Minor Setups / Year 14
Cost / Major Setup $ 1,000.00
Cost / Minor Setup $ 375.00
Annual Maj Setup$ $ 8,294.12
Annual Min Setup $ $ 5,183.82
Total Annual Setup $ $ 13,477.94
Run Hours / Cycle 1204.4
Setup Hours / Cycle 19.5
Downtime Hrs / Cycle 816
Maintenance Hrs / Cycle 0
Required Hrs / Cycle 2039.9
Available Hrs / Cycle 2040
It is highly unlikely that the plant would run with such large batch sizes and high inventory
levels in response to an increase in demand. It is impractical to run the machines continuously
for an extended period of time without maintenance; in addition, tooling wear would
compromise the quality of the parts, which restricts the maximum batch size. It would be
preferable from an operations viewpoint to run overtime on weekends to increase the
available capacity. The cost of overtime operations can be compared to the cost of holding
inventory to make a financial case for the decision.
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Exhibit 3: High Setup Cost
In this scenario, the demand data is identical to the baseline case, but we assume a
significantly higher labour rate in the plant along with a larger number of operators, which
directly impacts the changeover cost.
Variable Value Units
Duration of Major Changeover 240 minutes
Duration of Minor Changeover 90 minutes
Number of Operators 10
Unburdened Labor Cost 100 $ / Hour
Cycle time per part 7 seconds
Unplanned Downtime 40% %
Scrap Rate 2% %
Efficiency 98% %
Annual Working Days 235 days
Inventory Holding Cost Rate 10% %
Number of Shifts 3
Productive Hours per Shift 8
Safety Stock Factor 20% %
Service Level Factor 95% %
Maintenance Hours / Week 0 hours
The results from the model are shown in the table below.
Cycle Days 25
Annual Inventory Holding Cost $ 170,614.00
Annual Changeover Cost $ 164,500.00
Part Run Cycle Buffer Safety Average Inventory
Number Periodicity Stock Stock Stock Inventory Value
A123X 1 18700 1320 3960 14630 $ 204,820
B234Y 1 20020 1540 4180 15730 $ 235,950
C345Z 1 33660 1760 7040 25630 $ 358,820
D456P 1 8800 880 1980 7260 $ 108,900
E567Q 1 6160 220 1320 4620 $ 64,680
F678R 1 36330 1680 7560 27405 $ 438,480
G789S 1 7560 630 1680 6090 $ 103,530
H890T 2 17600 1100 3740 13640 $ 190,960
Total I_1 115005 $ 1,706,140
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The replenishment cycle is much longer than the baseline case, resulting in substantially
higher average inventory. This stands to reason, since changeovers are now much more
expensive, and must be amortised over large production runs. Capacity is no longer a
constraint as evidenced by the tables below.
Major Setups / Year 24
Minor Setups / Year 47
Cost / Major Setup $ 4,000.00
Cost / Minor Setup $ 1,500.00
Annual Maj Setup $ $ 94,000.00
Annual Min Setup $ $ 70,500.00
Total Annual Setup $ $ 164,500.00
Run Hours / Cycle 283.5
Setup Hours / Cycle 17.5
Downtime Hrs / Cycle 240
Maintenance Hrs / Cycle 0
Required Hrs / Cycle 541
Available Hrs / Cycle 600
This simulation is primarily an academic exercise. However, we could perform a similar
calculation with significantly reduced labour rates, which would accurately simulate
production in a low cost region of the world.
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Exhibit 4: Maintenance Requirements
All the examples so far assumed that the maintenance was never scheduled on the machine
during the work week. It might be possible to achieve this goal by performing simple, routine
maintenance during changeovers and when the machine is down due to a failure. Additional
maintenance may be performed on the weekend, incurring overtime costs. In this scenario,
one shift per week is dedicated to maintenance. All other conditions are identical to the
baseline case.
Variable Value Units
Duration of Major Changeover 240 minutes
Duration of Minor Changeover 90 minutes
Number of Operators 5
Unburdened Labor Cost 50 $ / Hour
Cycle time per part 7 seconds
Unplanned Downtime 40% %
Scrap Rate 2% %
Efficiency 98% %
Annual Working Days 235 days
Inventory Holding Cost Rate 10% %
Number of Shifts 3
Productive Hours per Shift 8
Safety Stock Factor 20% %
Service Level Factor 95% %
Maintenance Hours / Week 8 hours
Since the baseline case was already capacity constrained, it stands to reason that adding a
maintenance requirement would increase the length of the replenishment cycle. According to
the model, the cycle length actually doubles to twelve days, an indicator of the sensitivity of
the plant to available capacity. In reality, the unplanned downtime should be reduced as the
machine reliability is improved, but this is more likely to be a long term effect than an
immediate one. As a result, at least in the short term, it will be necessary to schedule longer
production cycles and carry a greater amount of inventory as shown in the following tables.
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Cycle Days 13
Annual Inventory Holding Cost $ 301,185.00
Annual Changeover Cost $ 84,735.58
Part Run Cycle Buffer Safety Average Inventory
Number Periodicity Stock Stock Stock Inventory Value
A123X 1 9680 880 2200 7920 $ 356,400
B234Y 1 10340 1100 2200 8470 $ 423,500
C345Z 1 17600 1320 3740 13860 $ 623,700
D456P 1 4620 660 1100 4070 $ 203,500
E567Q 2 6600 220 1320 4840 $ 217,800
F678R 1 18900 1260 3990 14700 $ 808,500
G789S 1 3990 420 840 3255 $ 195,300
H890T 1 4620 660 1100 4070 $ 183,150
Total 61185 $ 3,011,850
Major Setups / Year 54
Minor Setups / Year 81
Cost / Major Setup $ 1,000.00
Cost / Minor Setup $ 375.00
Annual Maj Setup $ $ 54,230.77
Annual Min Setup $ $ 30,504.81
Total Annual Setup $ $ 84,735.58
Run Hours / Cycle 147.4
Setup Hours / Cycle 18.75
Downtime Hrs / Cycle 124.8
Maintenance Hrs / Cycle 20.8
Required Hrs / Cycle 311.75
Available Hrs / Cycle 312
Assume that the maintenance program eventually reduces the unplanned downtime to 20%.
We can run the model once again, changing only the parameter value for unplanned
downtime, to determine the financial and operational benefit to the plant. The model outputs
are shown below.
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Cycle Days 7
Annual Inventory Holding Cost $ 170,125.00
Annual Changeover Cost $ 146,875.00
Part Run Cycle Buffer Safety Average Inventory
Number Periodicity Stock Stock Stock Inventory Value
A123X 1 5280 660 1100 4400 $ 198,000
B234Y 1 5500 660 1320 4730 $ 236,500
C345Z 1 9460 880 1980 7590 $ 341,550
D456P 1 2420 440 660 2310 $ 115,500
E567Q 1 1760 220 440 1540 $ 69,300
F678R 1 10080 840 2100 7980 $ 438,900
G789S 1 2100 420 420 1890 $ 113,400
H890T 2 4840 660 1100 4180 $ 188,100
Total 1 34620 $ 1,701,250
Major Setups / Year 54
Minor Setups / Year 81
Cost / Major Setup $ 1,000.00
Cost / Minor Setup $ 375.00
Annual Maj Setup $ $ 83,928.57
Annual Min Setup $ $ 62,946.43
Total Annual Setup $ $ 146,875.00
Run Hours / Cycle 79.4
Setup Hours / Cycle 17.5
Downtime Hrs / Cycle 33.6
Maintenance Hrs / Cycle 11.2
Required Hrs / Cycle 141.7
Available Hrs / Cycle 168
Note that plant capacity is no longer a constraint, implying that the time spent on maintenance
does not adversely impact the optimisation solution. In addition to the financial
considerations, having some slack in the plant is a very important operational requirement,
which helps the plant to respond to irregular fluctuations in demand.
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Appendix 2: Work Instructions
AAM maintains detailed work instructions documents for all its hourly employees in
accordance with ISO 9001 recommendations. These instructions were modified to include the
appropriate responsibilities for the execution of the pull scheduling system. In addition, work
instructions specific to the pull system were created for the schedulers and supervisors. Even
though it is not typical to document specific work instructions for salaried employees, the lean
team decided that these would be a valuable reference. The pull system related work
instructions for the various associates are shown in the Exhibits.
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Exhibit 1: Work Instructions for Material Handlers
The material handlers are responsible for the pull system functions from the point of
production until the point of shipment to customer.
General Instructions
Never discard a Kanban, or attach more than one card to a bin. Look all around the bin before
attaching a card, or assuming that a card is missing.
Standard Work Instructions
1. At the upsetter
a. Unload a full bin from the output side of the machine.
b. Remove the left most Kanban from the board and attach it to the bin.
c. Place an empty bin at the output side of the machine.
d. Move the full bin and attached Kanban to the shot blast staging area.
2. At the shot blaster
a. Move the full bin and attached Kanban from the shot blast staging area to the
shot blast input side.
b. Pick up a full bin and attached Kanban from the shot blast output side and take
it to the warehouse.
3. At the warehouse
a. Place the full bin onto the weighing scale for part count.
b. Move the bin to the appropriate inventory location and stack it properly.
c. Check to ensure that the Kanban is still attached to the bin.
4. For shipping
a. Pick up the bin and attached Kanban from the storage location.
b. Place the bin in the shipping staging area or directly onto the truck as required.
c. Remove the Kanban and drop it into the Kanban Collection Box.
Exceptions
1. At the upsetter
a. If there is no Kanban available to attach to a bin, notify the supervisor
immediately. A temporary Kanban will be issued while the root cause is
investigated.
b. If the part number in production is changed, but there are still backlog Kanbans
on the board, notify a supervisor immediately. The Kanbans will be taken back
to the Materials department and the root cause will be investigated.
2. At the shot blaster
a. If the finished parts bin does not have an attached Kanban, check with the shot
blast operators first. If the Kanban cannot be found, notify a supervisor
immediately.
3. At the warehouse
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a. If the Kanban has fallen off the bin, stage it while the card is located. If the
card cannot be found quickly, a temporary Kanban will be issued and a root
cause investigation will be launched.
4. For shipping
a. If the Kanban cannot be located, notify the scheduler or materials manager
immediately. A temporary Kanban will be issued while the root cause is
investigated.
b. If the Kanban is sent out with the bin, notify the supervisor about it right away.
The Kanban will be obtained back from the customer location, or replaced
permanently in the system. A root cause investigation will be conducted to
prevent future issues.
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Exhibit 2: Work Instructions for Shot Blast Operators
The shot blast operators are responsible for ensuring that production at the shot blaster
maintains a flow of parts, and does not become a bottleneck for parts that have been through
the upsetter.
General Instructions
Never discard a Kanban, or attach more than one card to a bin. Look all around the bin before
attaching a card, or assuming that a card is missing.
Standard Work Instructions
1. Incoming material
a. When the material handlers deliver a rack of flanged stock to the shot blast
input side, remove the Kanban and drop it into the Kanban collection post by
the machine
b. Feed the parts into the machine at the standard feed rate.
c. Notify the supervisor of any downtime immediately.
2. Output side
a. Check the parts for straightness.
b. Separately stack the straight shafts and those that require further straightening.
c. When the bin with straight shafts is full, pick up a Kanban card from the
collection post and attach it to the bin. Stack straight shafts in a new bin.
d. When the bin with shafts requiring further straightening is full, pick up a
Kanban card from the Kanban collection post and attach it to the bin. Also
attach a rework tag to the bin.
Exceptions
1. If a bin is delivered to the input side without a Kanban card attached, notify a
supervisor immediately.
2. Continue working on the parts, and attach the temporary Kanban provided by the
supervisor.
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Exhibit 3: Work Instructions for Straightener Operators
The straighteners are responsible for ensuring that the parts diverted to them are completed in
a timely fashion so that the inventory board in the warehouse is accurate and reliable.
General Instructions
Never discard a Kanban, or attach more than one card to a bin. Look all around the bin before
attaching a card, or assuming that a card is missing.
Standard Work Instructions
1. When the material handlers deliver a bin of flanged stock, verify that there is a
Kanban attached to the bin. If the Kanban is missing, notify the supervisor
immediately.
2. Straighten the shafts and stack them into the output side bin.
3. When the output bin is full, remove the Kanban from the input bin and attach it to the
full bin.
Exceptions
3. If there are Kanbans left over because of additional fallout, notify the supervisor
immediately.
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Exhibit 4: Work Instructions for 314 Upsetter Operators
The upsetter operators are responsible for ensuring that production at the upsetter is consistent
with the pull instructions in both quantity and timing.
General Instructions
Never discard a Kanban, or attach more than one card to a bin. Look all around the bin before
attaching a card, or assuming that a card is missing.
Standard Work Instructions
3. Set up
a. Perform a pre-setup check at least 2 hours prior to the scheduled changeover.
Ensure that all the dies, tools and equipment are available on hand or have
been scheduled. If any items on the QDC check list are not prepared, notify the
supervisor immediately.
b. Start the setup as indicated on the pull board. If starting more than 30 minutes
late or early, notify the supervisor immediately.
c. Complete the setup on schedule. If delays are encountered during the setup,
notify the supervisor to take corrective action.
4. Operation
a. Run the machine based on instructions on the Kanban board. The left most
card indicates the current part running, and the production schedule.
b. If production falls behind schedule by more than one card, notify the
supervisor to take corrective action.
c. If production outpaces the Kanban schedule by more than two cards, notify the
supervisor to make a schedule correction.
d. Notify the supervisor in the event of production stoppage caused by equipment
downtime, raw material starvation or output material handling.
e. If material is still left over after all the Kanbans have been completed, do not
produce. Notify the supervisor to perform a root cause analysis.
Exceptions
1. If 314B goes down, while A is operational
a. Notify the supervisor regarding the downtime immediately.
b. Continue producing splined stock through 314A until the material currently
loaded on the machine is used up.
c. Do not build more than 2 racks of splined stock unless specifically instructed
by the supervisor.
d. Further operate the machine based on instructions from the supervisor.
2. If 314A goes down, while B is operational
a. Notify the supervisor regarding the downtime immediately.
b. Switch production on 314B to use splined stock (if any has been produced).
c. Off load all the heated stock from A side into the offload rack.
d. Further operate the machine based on instructions from the supervisor.
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Exhibit 5: Work Instructions for Schedulers
The schedulers are responsible for ensuring that the production instructions are accurate and
reflect customer demand. They will also make decisions on when to run specific jobs,
prioritization and emergency production.
General Instructions
Never discard a Kanban, or attach more than one card to a bin. Look all around the bin before
attaching a card, or assuming that a card is missing.
Standard Work Instructions
1. At the warehouse
a. Check the Kanban collection box twice per shift, and move the Kanbans from
the collection box to the appropriate location on the inventory pull board.
b. Check the inventory pull board daily to ensure that there are no dangers of
stock outs.
c. Once per day, pick up Kanban cards for following day's production and take
them to the production board at the upsetter.
d. Notify the die room at the trip point about the schedule so that the dies and
tools are ready for changeover when needed.
2. At the upsetter
a. Identify the setup start and finish time on the upsetter scheduling board by
placing the start and finish cards in the appropriate locations.
b. Arrange the Kanban cards on the production board in the appropriate spacing
determined by takt time.
c. Ensure that demand can be met with a level production rate. If overtime is
required, contact the supervisor and begin planning immediately.
3. Audits
a. Count the number of Kanban cards in the system daily.
b. Perform spot audits of the operations as well to ensure that the Kanbans are
being used as specified. For example, no Kanbans attached to empty bins.
Exceptions: For every exception, a root cause analysis is expected and required.
5. At the warehouse
a. If Kanbans are missing, try to track them down. Check latest audit sheet for
their location. Issue a temporary Kanban to cover the loss. If the Kanban
cannot be located, replace the temporary Kanban with a permanent one. Make
a note of the lost Kanban number.
b. If free Kanbans are found, check the lost Kanban list first.
i. If the Kanban is on the list, replace the temporary Kanban with the one
that was found. If a permanent replacement Kanban has already been
issued, destroy the Kanban that was found.
ii. If the Kanban is not on the list, perform an audit of the bins and
production board for missing Kanbans. If a bin is missing a Kanban,
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attach the found Kanban to it. If not, place the Kanban in the inventory
management board location.
c. If a part is in danger of stock out, it should take priority in the queue, even if it
means breaking the production sequence. In this case, move these Kanbans to
the front of the production board, and include the appropriate setup needed.
Return to sequence after the part number has been run.
6. At the upsetter
a. If the upsetter production is not keeping pace with the Kanbans, notify the
production supervisor. Remove the backlog Kanbans and place them in the
"Late" cell. Determine if the production backlog can be completed with
overtime.
i. If recovery through overtime is a feasible option, schedule the
necessary overtime and monitor progress.
ii. If available overtime is not adequate for recovery, release appropriate
amount of safety stock to cover demand. Place the Kanbans in the
safety stock section of the inventory management board.
b. If the upsetter production is outpacing the Kanbans, notify the production
supervisor. Adjust the schedule forward, and determine whether the time gains
should be used for maintenance or to setup for the next job.
7. At other machines
a. If notified regarding missing Kanbans at shot blast or straighten operations,
confer with supervisor and issue temporary Kanbans while actual ones are
located. If Kanbans are not recoverable, convert the temporary Kanbans to
permanent ones.
b. If notified regarding extra Kanbans at shot blast, move these Kanbans back to
the inventory pull board at the warehouse, for production during the next
schedule cycle.
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Exhibit 6: Work Instructions for Supervisors
The supervisors are responsible for ensuring that the production schedules are followed at the
machines, and that deviations from the schedule are addressed promptly through coordination
with the scheduler, Area Manager and Materials Manager.
General Instructions
Never discard a Kanban, or attach more than one card to a bin. Look all around the bin before
attaching a card, or assuming that a card is missing.
Standard Work Instructions
4. At the Upsetter
a. Check the production board at least once per hour to verify that actual
production matches the schedule requirements.
b. Monitor upsetter setup times and down time carefully to ensure that the
standards are realistic and achievable.
5. At the Shot Blaster
a. Ensure that the shot blaster is never a bottleneck for parts that have been
processed by the upsetter.
b. The number of cards on the shot blast control board indicates the standard
packs in process at shot blast as well as the fallout waiting to be processed at
straightening.
6. At the Straightener
a. Ensure that the straightener is never a bottleneck for parts that have been
processed by the upsetter and shot blaster.
Exceptions: For every exception, a root cause analysis is expected and required.
8. At the Upsetter
a. If production falls behind schedule, remove the late Kanban cards from the
rack and hang them on the "Late" hook.
b. If there are more than one card on the "Late" hook, contact the scheduler
immediately. Jointly determine whether to release safety stock to cover
demand, or whether to work overtime instead. Ensure that adequate safety
stock will be available to protect against problems in the next cycle.
c. If the production rate outpaces the schedule, notify the scheduler and readjust
the Kanbans to reflect the current situation. Determine whether the standards
should be changed and make the appropriate adjustments if required. Also
decide whether to make the machine available for maintenance after run has
been completed, or whether to continue to next job.
d. If the required quantity of parts is not produced by the end of the run, contact
the scheduler immediately to determine whether to schedule additional
overtime or use material from safety stock. Do not violate the minimum
inventory requirement, however.
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e. If excess product is produced, contact the scheduler to issue a temporary
Kanban for the bin. Launch a root cause analysis.
f. If 314 A side goes down, while B side is operational, switch production on the
B side to use available splined stock as raw material. Offload the heated
material from the A side into the appropriate rack.
g. If 314 B side goes down, while A side is operational, switch production to
splined stock only. Use up the material already loaded on the machine, but do
not overflow beyond the marked area for splined stock staging.
9. At the Shot Blaster / Straightener
a. If the operations are not keeping up with the parts produced by the upsetter,
increase the resources temporarily or schedule overtime to process the parts.
Never allow these operations to become a bottleneck.
b. If Kanbans are lost at these operations, issue a temporary Kanban. Notify the
scheduler and launch a search for the missing Kanbans. If these cannot be
found, advise the scheduler to convert the temporary Kanban to a permanent
one.
126
Appendix 3: Pull System Audit Forms
The pull scheduling system audit consists of two specific forms. The first form is a card audit,
which checks the number of pull cards at each location and verifies that there are no missing
or excess cards. The second form identifies inventory with missing cards, multiple cards on a
single pack and other errors associated with improper execution.
Exhibit 1: Pull Card Quantity Audit
Audited By:, Date:
Start Time:_ Finish Time:
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Part Cards Pull 314 Plant 3 Shot
Number in Warehouse Board Scheduling Annex Blast TotalSystem Board FIFO Board
B234Y 36
C345Z 75
D456P 25
E567Q 24
A123X 36
F678R 68
G789S 23
H890T 36
Exhibit 2: Detroit Forge Full Float Pull System Audit Sheet
Audited By: Date:
Start Time:_ Finish Time:
Shipping & Warehouse
Audit Point Yes / No Comments
1 Every basket in inventory has a pull card tag
2 Basket quantities reflect standard pack
3 FIFO is followed
4 Housekeeping (lines, clutter, etc.)
5 Pull cards are removed from baskets before loading onto
semi trucks
Warehouse Pull Board
T Production run indicator card is in the correct row
2 There are no empty slots between cards
3 There is only one card in each slot
4 The cards are loaded bottom to top
5 Correct part number in the slot
Shot Blast Control Board
1 Correct part number on the hooks
2 Scrap board is accurate
3 Tag has been removed from rack on input side of shot blaster
314 Upsetter Scheduling Board
1 Shift card is in the correct location
2 Setup start card is in the correct location
3 Setup finish card is in the correct location
4 Late status is correctly displayed
5 Pull cards are properly spaced
6 Next job is correctly scheduled including setup time
Shot Blast FIFO Lane
1 FIFO direction is followed
2 Only full racks with pull cards are in FIFO
General
T No pull cards on empty baskets / racks
-2 Every full basket / rack has one pull card
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